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Abstract			In	this	thesis	the	competition	between	crystallisation	and	coalescence	during	the	film	 formation	 of	 semi-crystalline	 polymers	 has	 been	 investigated.	 Two	scenarios	 of	 film	 formation	 for	 semi-crystalline	 polymers	 have	 been	 proposed	depending	 on	 the	 relative	 rates	 of	 crystallinity	 and	 coalescence.	 Experimental	results	have	shown	evidence	for	both	scenarios	depending	on	the	film	formation	conditions.	 Additionally,	 it	 has	 been	 shown	 that	 it	 is	 possible	 to	 transition	between	scenarios	after	film	formation	using	a	heat	treatment	process.		Blending	 of	 semi-crystalline	 and	 amorphous	 polymers	 has	 been	 shown	 to	provide	intermediate	mechanical	properties	than	the	two	constituent	materials.	This	 has	 held	 true	 for	 blends	 of	 the	 same	 species	 of	 polymer	 and	 blends	 of	different	 polymer	 species.	 It	 has	 been	 shown	 that	 blending	 colloidal	 polymers	can	 be	 used	 to	 tune	 the	 properties	 of	 the	 resulting	 film	 in	 order	 to	 achieve	intermediate	 mechanical	 properties	 when	 compared	 to	 the	 constituent	materials.		The	 leaching	 behaviour	 of	 coagulant	 dipped	 films	 has	 been	 investigated.	 In	addition	 to	 the	 expected	 surfactant	 leaching,	 a	 variety	of	 other	molecules	have	been	identified	using	SIMS.	All	of	the	constituent	monomers	have	been	identified	leading	to	 the	conclusion	that	 it	 is	 likely	 that	oligomer	chains	are	 leached	 from	the	film	in	addition	to	surfactant.		 	 	
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Chapter	1		Literature	Review	and	Background			1.1	Materials		1.1.1	Natural	Rubber		Natural	Rubber	is	a	naturally	occurring	polymer,	which	is	extracted	from	Hevea	
Brasiliensis	trees.	It	is	widely	used	in	the	manufacture	of	gloves,	particularly	for	use	 in	 medical	 settings.	 However,	 a	 natural	 rubber	 allergy	 can	 develop	 after	repeat	exposure.	Allergies	come	in	two	different	varieties:	type	I	and	type	IV.[1]			
	Figure	 1.1	 -	 Natural	 latex	 being	 collected	 in	 the	 form	 of	 the	 sap	 of	 the	 Hevea	Brasiliensis	tree.	From	colourbox.com.[2]		
• Type	 I	 allergies	 are	 the	more	 dangerous	 form	 of	 natural	 rubber	 allergy	and	can	lead	to	anaphylaxis	and,	in	extreme	cases,	death.	This	allergy	stems	from	proteins	and	polypeptides	found	in	the	Hevea	Brasiliensis	tree.[3]		
• Type	IV	allergies,	or	allergic	contact	dermatitis,	results	 in	a	delayed	skin	rash	 that	 can	 blister	 and	 ooze	 depending	 on	 the	 severity	 of	 the	 reaction.	 This	allergy	is	usually	a	reaction	to	the	additives	in	the	latex	that	are	used	to	alter	the	material	properties.[3]		
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Reports	 on	 latex	 allergies	 are	 scarce	 pre-1980.	 Since	 then,	 latex	 allergies	 have	been	 reported	 far	 more	 consistently	 and	 studies	 have	 been	 undertaken	 to	quantify	the	prevalence	of	latex	allergies.	In	a	2003	study	of	health	care	workers,	25	of	4439	employees	(0.56%)	in	a	Welsh	NHS	trust	were	diagnosed	with	a	type	I	natural	rubber	allergy.[4]		A	1993	study	of	type	IV	allergies	to	rubber	additives	found	that	14.7%	of	4680	patients	 had	 a	 positive	 patch	 test	 reaction	 to	 at	 least	 one	 rubber	 additive.[5]	Workers	 in	 the	 construction	 industry,	where	 rubber	 protective	 equipment	 are	commonly	used,	had	a	much	greater	rate	of	positive	tests	at	47.0%.[5]		1.1.2	Nitrile-Butadiene	Rubber		Hypo-allergenic	latex	gloves	for	use	in	medical	settings	are	commonly	made	from	carboxylated	 nitrile-butadiene	 rubber	 (XNBR).	 As	 a	 synthetic	 rubber,	 XNBR	 is	free	 from	the	proteins	and	polypeptides	 that	cause	 type	 I	allergic	 reactions.	By	avoiding	certain	allergenic	additives,	the	risk	of	type	IV	allergies	can	be	reduced.	Synthomer,	 the	 sponsor	 of	my	 project,	 are	 a	 chemical	 company	 that	 produces	bulk	XNBR	to	sell	to	glove	and	condom	manufacturers.			XNBR	 is	 a	 co-polymer	 of	 acrylonitrile,	 butadiene	 and	 a	 monomer	 having	 a	carboxylic	 acid	 group;	 in	 the	 material	 that	 was	 studied	 in	 this	 project,	 the	carboxylic	acid	 is	 contained	 in	methacrylic	acid.	Figure	1.2	 shows	 the	chemical	structure	 of	 the	 monomers	 present	 in	 the	 XNBR	 latex.	 The	 acrylonitrile	 and	butadiene	monomers	form	long	polymer	chains,	whilst	the	carboxylic	acid	acts	as	an	 ionic	cross-linker	to	create	bonds	between	the	polymer	chains	that	 increase	the	elastic	modulus	when	compared	to	non-crosslinked	nitrile-butadiene	rubber.			
Figure	1.2	–	The	chemical	structure	of	the	monomers	present	in	XNBR	latex.		The	latex	is	produced	by	emulsion	polymerisation	to	yield	a	colloidal	dispersion	of	the	latex	particles	in	water.	Other	components	are	added	to	the	dispersion	to	modify	the	behaviour	of	the	liquid	latex	and	resulting	films	produced.						
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1.1.3	Poly(chloroprene)		Poly(chloroprene),	commercially	known	as	Neoprene,	was	 invented	 in	1930	by	scientists	working	 for	DuPont[6].	Like	XNBR	it	can	be	used	as	an	alternative	to	natural	rubber	in	the	production	of	medical	gloves[7].		Birkett	Clews	reported	that	poly(chloroprene)	is	a	semi-crystalline	polymer	with	an	 orthorhombic	 unit	 cell	 consisting	 of	 4	 chloroprene	 monomers	 with	dimensions	 of	 a	 =	 8.90Å,	 b	 =	 4.70Å	 and	 c	 =	 12.21Å[8].	 In	 order	 for	poly(chloroprene)	 to	 crystallise,	 the	 dominant	 isomer	present	must	 be	 the	 1-4	trans	 isomer[9].	 The	 1-4	 trans	 isomer	 results	 in	 a	 regular	 chain	 that	 can	crystallise;	the	other	isomers	hinder	the	rate	and	extent	of	crystallisation[9].		1.2	Film	Formation		1.2.1	Vanderhoff’s	Three	Stages		The	formation	of	a	latex	film	from	a	colloidal	dispersion	involves	the	evaporation	of	 water	 from	 the	 latex.	 Following	 that,	 particles	 undergo	 deformation	 and	eventually	coalescence[10].	The	inter-diffused	latex	particles	form	a	continuous	film	which	is	typically	transparent	and	crack-free.	The	liquid	 latex	must	be	at	a	temperature	above	its	minimum	film	formation	temperature	(MFFT)	in	order	for	a	film	to	form.	Latex	film	formation	is	split	into	three	stages	initially	proposed	by	Vandehoff	et	al.[11]		1.2.1.1	Stage	One		In	 the	 first	stage	of	 film	formation,	water	 is	evaporated	 from	the	surface	of	 the	colloidal	dispersion.	During	this	stage	the	water	evaporates	at	a	rate	equal	to	that	of	pure	water	or	that	of	a	dilute	solution.	The	first	stage	of	film	formation	is	the	longest	 stage	 and	 continues	 until	 the	 polymer	 has	 a	 volume	 fraction	 of	approximately	 60-70%[12].	 Alternatively,	 this	 stage	 ends	 when	 particles	accumulate	 at	 the	 air-water	 interface	 and	 form	 a	 film[12].	 A	 surface	 layer	reduces	the	air-water	interface	and	slows	the	rate	of	evaporation.	Figure	3	shows	a	schematic	plot	of	water	loss	during	the	drying	of	a	latex	film;	the	stages	of	film	formation	are	shown.			As	 the	water	 evaporates	 from	 the	 latex,	 the	particles	 pack	 closely	 together.	By	controlling	the	rate	of	water	evaporation,	the	uniformity	of	the	particle	packing	can	be	controlled[12].	A	slower	rate	of	evaporation	will	give	 the	 latex	particles	more	 time	to	diffuse	 in	 the	vertical	direction	and	will	 result	 in	a	more	uniform	distribution	of	particles	in	that	direction.		
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Figure	1.3	–	Schematic	plot	of	water	 loss	during	 the	drying	of	a	 latex	 film.	The	characteristic	 stages	 of	 film	 formation	 are	 shown.	 Reproduced	 from	 Steward	(2000)[12]		1.2.1.2	Stage	Two		Stage	2	begins	when	particles	come	into	irreversible	contact	with	each	other.[13]	As	 the	 volume	 of	 the	 latex	 is	 reduced	 the	 particles	 come	 into	 much	 closer	proximity	than	they	would	otherwise	achieve.	This	allows	the	attractive	van	der	Waals	(or	polar)	forces	to	overcome	the	repulsive	electrostatic	forces,	resulting	in	the	aggregation	of	particles[10].		
Figure	1.4	–	Diagrams	of	 the	different	mechanisms	of	particle	deformation.	 (1)	Wet	 sintering,	 (2)	 dry	 sintering,	 (3)	 capillary	 pressure,	 (4)	 pendular	 rings,	 (5)	Sheetz	deformation.	Reproduced	from	Keddie	and	Routh	(2010)[10]		During	 stage	 2,	 the	 latex	 particles	 undergo	 deformation;	 the	 latex	 particles	change	 shape	 to	 fill	 the	 void	 space	 around	 them.	 There	 are	 a	 number	 of	mechanisms	that	can	drive	the	deformation,	all	of	which	are	shown	in	figure	1.4.	
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During	wet	sintering,	the	process	is	driven	by	reducing	the	interfacial	free	energy	at	 the	 interfaces	 between	 the	 polymer	 particles	 and	 the	 water[13].	 The	deformation	 of	 the	 particles	 causes	 a	 reduction	 in	 the	 interfacial	 area	 which	decreases	 the	 total	 interfacial	 free	energy.	Dry	sintering	works	under	 the	same	principle	 as	 wet	 sintering[13].	 In	 this	 case,	 the	 air-polymer	 interfacial	 area	 is	reduced	rather	than	the	water-polymer	interface.			If	there	is	some	water	remaining	in	the	film,	but	not	enough	to	form	a	full	layer	of	water	over	the	particles,	then	menisci	will	form	between	the	individual	particles.	The	 meniscus	 forms	 a	 curved	 air-water	 interface	 and	 the	 resulting	 negative	pressure	 pulling	 the	 particles	 together	 is	 called	 the	 ‘capillary	 pressure’.	 It	 is	inversely	 proportional	 to	 the	 radius	 of	 curvature	 of	 the	 meniscus.	 There	 is	 a	negative	pressure	 in	 the	water	which	Brown	proposed	 acts	 as	 if	 an	 equivalent	downward	pressure	was	placed	on	the	top	of	the	film	surface[14].	This	pressure,	compresses	the	particles	downwards	whilst	bringing	water	to	the	surface	of	the	film	reducing	the	curvature	of	the	meniscus	and	the	pressure.		Dry	sintering	requires	a	polymer-air	interface,	and	the	presence	of	any	water	will	inhibit	 the	 process[15].	When	 there	 are	 very	 small	 amounts	 of	 residual	water,	‘pendular	rings’	will	form	around	the	contact	points	between	the	particles.	These	rings	produce	capillary	pressure,	which	likewise	deforms	the	particles	to	reduce	the	curvature	of	the	meniscus.		Sheetz	deformation	occurs	 in	 films	 in	which	a	skin	of	dry	polymer	has	encased	the	liquid	polymer	below[16].	The	skin	of	dry	polymer	reduces	the	evaporation	rate	of	water	from	the	polymer;	as	a	result	the	particles	accumulated	at	the	top	surface	have	a	lot	of	time	to	undergo	wet	sintering.			1.2.1.3	Stage	Three		Once	 the	 latex	 film	 is	 dry,	 the	 particles	 undergo	 interdiffusion.	 In	 this	 stage,	polymer	chains	diffuse	from	their	own	separate	locations	and	become	entangled	with	 other	 polymer	 chains	 in	 neighbouring	 particles[10].	 The	 interdiffusion	closes	the	remaining	small	gaps	between	molecules	in	the	film;	this	has	the	effect	of	improving	the	mechanical	strength	and	cohesion	of	the	polymer	film[10].			1.2.2	Coagulant	Dipping		To	manufacture	XNBR	into	gloves,	a	process	called	coagulant	dipping	is	used[17].	In	this	process,	the	former	(a	glove	shaped	mould)	is	dipped	into	a	solution	of	a	suitable	coagulant.	The	former	is	dried	to	leave	a	coating	of	the	coagulant	on	its	surface.	Then,	the	former	is	dipped	into	the	wet	latex.	A	second	dip	into	the	wet	latex	is	performed;	however,	it	is	not	preceded	by	a	second	coating	of	coagulant.			The	 coagulant	 is	 a	 typically	 a	 form	 of	 salt;	 for	 the	 XNBR	 latex	 received	 from	Synthomer,	calcium	nitrate	is	typically	used	as	the	coagulant.	The	electric	charge	of	 the	 salt	destabilises	 the	aqueous	colloidal	dispersion,	 causing	 it	 to	 coagulate	and	 form	 a	 film	 on	 the	 former.	 This	 process	 can	 be	 described	 through	 DLVO	theory.	
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	1.2.3	DLVO	Theory		DLVO	 Theory	 is	 named	 after	 Derjaguin	 and	 Landau,	 Verwey	 and	 Overbeek.	 In	1941,	Derjaguin	and	Landau[18]	developed	a	theory	for	the	stability	of	colloidal	dispersions	 which	 focuses	 on	 attractive	 van	 der	 Waals’	 forces	 balanced	 by	electrostatic	 repulsion,	 summed	 up	 in	 Equation	 1	 below.	 In	 1948,	 Verwey	 and	Overbeek[19]	 independently	came	to	the	same	conclusion.	Being	from	Western	Europe	 as	 opposed	 to	 Soviet	 Russia,	 Verwey	 and	 Overbeek	 gained	 more	widespread	acknowledgement	for	publishing	the	work.		 𝑊! =𝑊!"# +𝑊!" 	 (Eq.	1.1)	
	 	where	WT	is	the	total	potential	energy	of	the	system,	WVdW	is	the	attractive	force	due	to	van	der	Waals’	forces,	and	WER	 is	the	repulsive	force	due	to	electrostatic	repulsion.		1.2.3.1	Van	der	Waals	Forces		The	 van	 der	 Waals’	 forces	 are	 a	 collection	 of	 attractive	 (only	 sometimes	repulsive)	 forces	 that	 act	on	 individual	particle	 and	 feature	 the	 same	distance-dependant	 power	 relationship.	 These	 forces	 arise	 from	 interactions	 between	dipoles,	 either	 permanent	 or	 instantaneous.	 Instantaneous	 dipoles	 are	 formed	due	 to	 fluctuation	 in	 the	 electron	 clouds,	 leading	 to	 an	 asymmetrical	 charge	distribution	in	the	atom	or	molecule	as	a	whole.		van	Der	Waals’	forces	consist	of	three	types	of	attractive	forces:		
• The	Keesom	Interaction	Force	is	due	to	interactions	between	permanent	dipoles[20].	 Molecules	 comprised	 of	 atoms	 with	 different	 electronegativity	values	 have	permanent	 dipoles.	One	 example	 of	 this	 is	 hydrogen	 chloride.	 The	hydrogen	 atom	 is	 slightly	 positively	 charged	whilst	 the	 chlorine	 atom	 is	 slight	negatively	charged.	
• The	 Debye	 Force	 is	 due	 to	 interactions	 between	 a	 rotating	 permanent	dipole	and	a	polarizable	atom	or	molecule[21].	One	example	of	the	Debye	Force	occurs	 in	 the	 interaction	 between	 polarisable	 Argon	 and	 polar	 Hydrogen	Chloride.	 The	 permanent	 dipole	 of	 the	 Hydrogen	 Chloride	 molecule	 either	attracts	 or	 repels	 electrons	 in	 a	 neighbouring	 Argon	 atom	 (depending	 on	whether	 the	Argon	atom	 is	near	 the	positive	Hydrogen	side	of	 the	molecule	or	the	 negative	 chloride	 side).	 The	movement	 of	 the	 electrons	 in	 the	Argon	 atom	induce	 a	 dipole	 due	 to	 the	 uneven	 charge	 distribution,	 and	 the	 induced	 dipole	interacts	with	the	permanent	dipole	of	the	Hydrogen	Chloride.		
• London	 Dispersion	 Force	 is	 due	 to	 interactions	 between	 instantaneous	dipoles	 and	 induced	 dipoles[21].	 	 The	 London	 Dispersion	 Force	 is	 the	 most	dominant	 of	 the	 van	 Der	Waals	 forces	 for	most	 interactions,	 exceptions	 occur	when	molecules	have	a	high	electronegativity	to	molecular	size	ratio.		For	 two	 spherical	 particles,	 the	 van	 Der	 Waals’	 attractive	 potential	 energy	 is	given	in	the	equation	below.	
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	 𝑊!"# 𝑑 = − 𝐴𝑟12𝑑	 (Eq	1.2)		Where	A	is	the	Hamaker	constant	for	the	system,	d	is	the	separation	between	the	particles,	and	r	is	their	radius.		1.2.3.2	The	Electric	Double	Layer	and	Electrostatic	Repulsion		An	electric	double	layer	arises	when	an	object	is	immersed	in	a	liquid	phase	and	is	 the	 source	 of	 the	 electrostatic	 repulsive	 force[10].	 The	 object	 can	 be	 solid	particles	 (like	 in	 a	 latex	 dispersion),	 liquid	 droplets,	 gas	 bubbles,	 or	 porous	materials.	The	double	layer	comprises	two	layers	of	ions	parallel	to	the	surface	of	the	object,	as	shown	in	figure	1.5.	
	Figure	 1.5	 –	 A	 diagram	 showing	 the	 electric	 double	 layer	 around	 a	 colloidal	particle.	
	The	first,	inner,	layer	is	known	as	the	surface	charge	which	can	be	either	positive	or	negative	depending	on	 the	 charge	of	 the	object.	 The	 layer	 is	 formed	of	 ions	adsorbed	onto	the	object	via	Coulombic	interactions.			The	second	layer	is	only	loosely	attached	to	the	object.	The	layer	is	comprised	of	free	 ions	 that	move	within	 the	 liquid	due	 to	 the	 influence	of	 electric	 attraction	and	 thermal	motion.	Due	 to	 the	weak	 attachment,	 this	 is	 known	as	 the	diffuse	layer.	At	the	outer	boundary	of	the	diffuse	layer	the	value	of	the	electric	potential	is	 known	 as	 the	 Zeta	 potential	 (ζ),	which	 plays	 an	 important	 role	 in	 theory	 of	colloidal	stability.		The	Debye	length,	𝞳-1,	 is	equal	to	the	distance	between	the	particle	surface	and	the	outer	boundary	of	 the	diffuse	 layer[22].	The	Debye	 length	 is	dependent	on	the	properties	of	the	liquid	phase	and	is	mainly	influenced	by	the	ionic	strength	of	the	liquid	as	seen	in	the	equation	below.	
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	 𝜅!! = 𝜀𝜀! 𝑘!𝑇2𝑁!𝑒!𝐼 	 (Eq.	1.3)		where	ε0	is	the	electric	permittivity	of	a	vacuum,	ε	is	the	electric	permittivity	of	the	liquid	phase,	kB	is	the	Boltzmann	constant,	T	is	the	temperature	of	the	liquid	in	Kelvin	degrees.	NA	is	Avogadro’s	number,	e	is	the	charge	of	an	electron	and	I	is	the	ionic	strength	of	the	liquid	in	mole/m3.			The	 double	 layer	 provides	 an	 electrostatic	 repulsion	 force	 between	 objects	(particles	 in	 the	 case	 of	 latex	 dispersions).	 When	 the	 charged	 layers	 around	particles	come	into	close	proximity,	they	repel	each	other	due	to	Coulomb’s	Law.	The	 electrostatic	 repulsive	 potential	 energy	 for	 two	 spherical	 particles	 is	expressed	in	Equation	4.		 𝑊!" 𝑑 = 2𝜋𝜀!𝜀𝑟ζ!𝑒!!" 	 (Eq.	1.4)		The	electrostatic	repulsion	force	and	Van	der	Waals’	forces	oppose	each	other.	At	large	separations	between	the	particles,	both	forces	are	reduced	to	zero.	At	small	separations,	 the	 system	 is	dominated	by	 the	van	der	Waals’	 forces	 resulting	 in	the	particles	aggregating.	
	Figure	 1.6	 –	 A	 graph	 showing	 the	 electrostatic	 repulsion	 force,	 van	 der	Waals’	attraction	 force	 and	 the	 total	 force	 between	 two	 spherical	 particles	 at	 a	separation,	d.	From	Israelachvilli	(1985)[22].	
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At	intermediate	separations	there	is	a	primary	maximum	in	the	potential	energy,	an	 energy	 barrier	 which	 prevents	 the	 aggregation	 of	 particles	 unless	 the	Brownian	motion	of	the	particles	is	suitably	energetic.	There	is	also	a	secondary	minimum	in	the	potential	energy	which	occurs	at	a	greater	separation	than	the	primary	maximum.	At	the	secondary	minimum	the	system	flocculates,	however	the	aggregations	are	weak	and	may	be	reversible.		1.2.3.3	Effect	of	Electrolytes		The	 presence	 of	 electrolytes	 in	 the	 liquid	 decreases	 the	 repulsive	 force	 of	electrostatic	 repulsion[22].	The	electrolytes	 compress	 the	double	 layers,	which	leads	 to	 a	 reduction	 in	 the	 energy	 barrier	 that	 is	 needed	 to	 overcome	 for	aggregation	to	take	place.	If	enough	electrolytes	are	added	to	the	liquid,	then	the	energy	 barrier	 opposing	 aggregation	 can	 be	 removed.	 This	 concentration	 of	electrolytes	is	known	as	the	Critical	Coagulation	Concentration	(CCC).		Adding	electrolytes	to	the	liquid	results	in	an	increase	in	the	ionic	strength,	I.	As	seen	 in	Eq.3	 this	 leads	 to	 a	 reduction	 in	 the	Debye	 length	 (compression	of	 the	double	 layer).	 The	 shortening	 of	 the	 Debye	 length	 causes	 the	 electrostatic	repulsion	force	to	decay	more	sharply	with	increasing	separation,	d.			1.2.4	Role	of	Surfactant		Surfactants	 are	 molecules	 which	 are	 comprised	 of	 a	 long	 hydrophobic	 tail,	generally	a	hydrocarbon	chain,	attached	to	a	hydrophilic	head	group.	Surfactants	lower	 the	 surface	 tension	 of	 the	 liquid	 they	 are	 present	 in[23].	 The	 surface	tension	 is	 lowered	 with	 increasing	 surfactant	 concentration	 until	 the	 critical	micelle	concentration	(CMC)	is	reached.	figure	1.7	shows	the	typical	shape	of	an	interfacial	 tension	 against	 concentration	 plot,	 including	 the	 point	 at	which	 the	CMC	 is	 reached.	When	 the	 CMC	 is	 reached,	 surfactant	molecules	 in	water	 self-assemble	into	a	micelle,	which	is	a	spherical	structure	in	which	the	hydrophilic	head	 groups	 are	 on	 the	 surface	 of	 the	 sphere,	 and	 the	 hydrophobic	 tails	 are	pointing	 inward,	 as	 depicted	 in	 figure	 1.7.	 When	 used	 to	 stabilise	 latex	emulsions,	 the	 surfactant	 forms	 micelles	 in	 the	 water	 phase	 around	 the	 latex	particle	and	adsorbs	on	the	particle	surface,	which	prevent	aggregation.		
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	Figure	1.7	–	A	diagram	showing	the	typical	shape	of	a	plot	of	the	interfacial	tension	against	concentration	for	a	surfactant	solution.	On	the	right	is	a	cross	sectional	view	of	a	micelle	showing	the	hydrophilic	head	groups	arranged	on	the	surface	of	the	micelle	and	the	hydrophobic	tails	pointing	inside	the	micelle.	
	Surfactants	come	in	two	broad	categories,	 those	with	charged	head	groups	and	those	without	charged	head	groups.			
• Surfactants	 with	 charged	 head	 groups	 come	 in	 three	 varieties:	 cationic	surfactant	 which	 have	 positive	 head	 groups;	 anionic	 surfactants	 which	 have	negative	head	groups;	and	amphoteric	surfactants	which	have	both	positive	and	negative	ions	within	the	head	group.	When	formed	into	a	micelle,	charged	head	groups	 provide	 a	 charged	 outer	 surface	 around	 the	 particle	 allowing	 a	 strong	electric	double	layer	to	form.	This	has	the	effect	of	increasing	the	zeta	potential	of	the	particles	and	therefore	increasing	the	electrostatic	repulsion	force.		
• Surfactants	 without	 charged	 head	 groups,	 or	 non-ionic	 surfactants,	provide	 stabilisation	 to	 a	 latex	 emulsion	 via	 steric	 repulsion.	 The	 surfactant	aggregates	on	the	surface	of	the	latex	particles	and	the	physical	presence	of	the	hydrocarbon	 chains	 prevents	 the	 particles	 from	 reaching	 a	 separation	 small	enough	 separation	 that	 van	 der	 Waals’	 attraction	 forces	 would	 cause	aggregation.			1.2.5	Fate	of	Surfactant		Typically,	 surfactant	 distribution	 is	 non-uniform	 in	 dried	 latex	 films.	 The	presence	 of	 surfactant	 can	 affect	 a	 variety	 of	 different	 properties	 of	 the	 film,	including	 the	barrier	properties	and	 tensile	 strength,	which	are	 two	properties	that	are	important	in	the	manufacture	of	medical	gloves6.		
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	Figure	 1.8	 –	 A	 schematic	 description	 showing	 the	 possible	 locations	 for	surfactant	in	a	dried	film.	Re-drawn	from	Keddie	and	Routh	(2010)[10].	
	Keddie	 and	 Routh[10]	 list	 five	 possible	 locations	 for	 surfactant	 in	 a	 dried	 film	(depicted	 in	Figure	8):	Layers	of	 surfactant	 (either	continuous	or	disrupted)	at	either	 (1)	 the	 film-air	 interface	 or	 (2)	 at	 the	 substrate-film	 interface;	 (3)	surfactant	 trapped	 along	 particle	 boundaries;	 (4)	 pockets	 of	 surfactant	 in	 the	film,	 and	 (5)	 in	 rare	 cases	 surfactant	 may	 be	 soluble	 in	 the	 polymer	 and	individual	surfactant	molecules	will	be	distributed	throughout	the	film.			Surfactant	 distribution	 is	 initially	 governed	by	 the	movement	 of	 the	 surfactant	during	the	drying	of	the	film.	The	surfactant	moves	due	to	convection	(flow	in	a	moving	 liquid)	 and	 diffusion	 (thermal	 movement	 of	 molecules).	 Some	 of	 the	surfactant	molecules	are	free	in	the	solution	whilst	others	are	adsorbed	onto	the	polymer	particles.			The	 proportion	 of	 adsorbed	 surfactant	 can	 be	 modelled	 using	 an	 adsorption	isotherm.	The	Langmuir	 isotherm	 is	 the	 simplest	 and	 relates	 rate	of	 surfactant	adsorption	onto	polymer	to	the	rate	of	surfactant	desorption.			 𝑅!" = 𝑘𝐶! (Γ! − Γ)Γ! 	 (Eq.	1.5)	𝑅!" = 𝑘! ΓΓ!	 (Eq.	1.6)		
	
	Rad	 and	 Rds	 are	 the	 rates	 of	 adsorption	 and	 desorption,	 respectively.	 Cs	 is	 the	solution	concentration	of	surfactant,	Γ	is	the	adsorbed	surface	concentration,	and	Γ∞	 is	 the	 maximum	 surface	 concentration	 possible.	 k	 and	 k’	 are	 constants	 of	proportionality.	
	 Substrate 
Dry	Latex 
Air (1)	
(2)	
(3)	
(5)	
(4)	
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	Γ = Γ!𝐶!𝐴 + 𝐶!	 (Eq	1.7)		The	above	equation	is	the	adsorption	isotherm	and	is	found	by	equating	the	rates	of	adsorption	and	desorption.	A	is	the	critical	concentration	and	is	equal	to	k’/k.		Gundabala	 et	 al.	 have	 developed	 a	 one-dimensional	 model	 to	 describe	 the	concentration	of	surfactant	through	the	depth	of	a	film[24].	The	model	takes	into	account	 the	 diffusion	 of	 free	 surfactant	 and	 surfactant	 adsorbed	 onto	 polymer	particles.			 𝜕 𝐶! 1− ∅ + 3Γ∅𝑟𝜕𝑡 = 𝜕 𝐷! 1− ∅ 𝜕𝐶!𝜕𝑦𝜕𝑦 + 𝜕 3𝐷! ∅𝑅 𝜕 ∅Γ𝜕𝑦𝜕𝑦 	 (Eq.	1.8)		In	this	equation,	y	is	the	distance	perpendicular	away	from	the	substrate.	∅ is	the	volume	 fraction	of	 the	 latex	particles,	and	 t	 is	 time.	DP	and	DS	are	 the	diffusion	coefficients	 of	 the	 latex	 particles	 and	 surfactant,	 respectively.	 Γ	 is	 calculated	using	the	Langmuir	isotherm	assuming	the	surfactant	is	in	equilibrium.		The	Peclet	number	is	a	dimensionless	quantity	which	relates	the	convection	rate	from	 evaporation	 to	 the	 rate	 of	 diffusion.	 This	 equation	 can	 be	 solved	 by	calculating	 the	 Peclet	 numbers	 for	 the	 surfactant	 and	 the	 polymer	 as	 shown	below.			 𝑃𝑒! = 𝐻𝑅!"𝐷! 	 (Eq.	1.9)	𝑃𝑒! = 𝐻𝑅!"𝐷! 	 (Eq.	1.10)		Rev	 is	the	rate	of	water	evaporation	and	H	is	the	film	thickness.	Pes	and	Pep	are	the	 Peclet	 numbers	 for	 surfactant	 and	 the	 polymers,	 respectively.	 At	 very	 low	surfactant	 Peclet	 numbers	 (<<1),	 the	 rate	 of	 diffusion	 is	 the	 dominant	 effect,	resulting	in	a	uniform	distribution	of	surfactant	vertically	through	the	film.			Figure	 1.9	 shows	 simulated	 surfactant	 distribution	 in	 a	 dried	 polymer	 film	 for	differing	values	of	the	surfactant	Peclet	number,	Ps.	As	the	Peclet	number	for	the	surfactant	 is	 increased	the	percentage	of	surfactant	present	at	 the	 interfaces	of	the	 film	 increase,	 particularly	 at	 the	 film-air	 interface.	 Larger	 Peclet	 numbers	correspond	 to	 an	 evaporation	 rate	 which	 is	 fast	 in	 comparison	 to	 the	 rate	 of	diffusion,	stopping	surfactant	from	reaching	an	even	distribution	via	diffusion.		
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Figure	 1.9	 –	 Simulations	 of	 final	 surfactant	 distributions	 in	 surfactants	 with	different	 Peclet	 numbers	 with	 the	 particle	 Peclet	 number	 taken	 as	 infinite.	Surfactant	excess	and	depletion	refers	to	the	change	in	surfactant	concentration	when	compared	to	a	film	with	uniform	surfactant	distribution.	Reproduced	from	Gundabala	et	al.	(2004)[24].		The	 surfactant	 distribution	 also	 changes	 over	 time	 after	 the	 film	 is	 fully	 dry.	Surfactant	is	pushed	to	the	surface	of	a	film	during	the	interdiffusion	stage	of	film	formation	in	a	process	known	as	‘exudation’.		1.3	Mechanical	Properties	of	Polymers		All	of	the	materials	investigated	in	this	thesis	fall	into	the	category	of	elastomers,	derived	from	‘elastic	polymer’.	Elastomers	are	polymer	materials	that	consist	of	a	 3-dimensional	 cross-linked	 network.	 They	 exhibit	 different	 mechanical	properties	 depending	 on	 whether	 the	 material	 is	 above	 or	 below	 the	 glass	transition	 temperature.	 Whilst	 an	 elastomer	 is	 below	 its	 glass	 transition	temperature,	 the	 material	 is	 in	 a	 hard	 and	 brittle	 state.	 When	 above	 its	 glass	transition	temperature	elastomers	exhibit	both	elastic	and	viscous	properties.			1.3.1	Rubber	Elasticity		When	an	elastomer	is	placed	under	stress,	the	random	coils	of	polymers	extend	and	become	aligned	parallel	to	the	direction	of	strain	reducing	the	entropy	of	the	system.	Upon	release	of	the	stress,	the	chains	will	retract	back	to	a	coiled	in	state	to	increase	the	entropy	of	the	system.			
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	Figure	 1.10.	 A	 schematic	 depiction	 of	 an	 elastomer	 network.	 The	 blue	 lines	represent	 polymer	 chains,	 whilst	 the	 red	 lines	 represent	 crosslinks	 between	different	polymer	chains.		Using	Gaussian	statistics,	an	ideal	rubber	can	be	modelled	thermodynamically	as	an	analogous	system	to	an	 ideal	gas[25].	 	The	 force	of	retraction	 in	a	stretched	rubber	 is	 very	 similar	 to	 that	of	pressure	 in	 an	 ideal	 gas.	When	an	 ideal	 gas	 is	placed	under	increased	pressure,	the	entropy	of	the	system	increases.			 ∆𝑆 = 𝑘𝑣 ln 𝑉𝑉!	 (Eq.	1.11)		Where	ΔS	is	the	change	in	entropy	of	the	gas,	k	is	the	Boltzmann	constant,	ν	is	the	number	 of	 gas	molecules,	V	 is	 the	 new	 volume	 of	 the	 gas	 and	V0	 is	 the	 initial	volume	of	the	gas.	Using	the	thermodynamic	relation	for	an	 ideal	gas	we	get	to	the	equation	below	 𝑃 = 𝑇 𝛿𝑆𝛿𝑉 ! 	 (Eq.	1.12)	𝑃 = 𝑘𝑣𝑇𝑉 	 (Eq.	1.13)		Where	T	is	the	absolute	temperature	of	the	gas	in	Kelvin	and	P	is	the	pressure	of	the	gas.	To	get	to	the	classic	ideal	gas	law	equation	kν	can	be	replace	nR,	where	n	is	the	number	of	moles	of	gas	in	the	sample	and	R	is	the	ideal	gas	constant.		Assuming	 a	 perfectly	 elastic	 rubber	 in	 which	 volume	 is	 constant,	 on	 this	 case	αxαyαz=1	where	αx,	αy	and	αz	are	the	change	in	length	in	the	x,	y,	and	z	directions	respectively.	 The	 entropy	 change,	 ΔS,	 for	 elongation	 of	 a	 rubber	 sample	(αy=αz=αx-1/2	 where	 x	 is	 the	 direction	 of	 elongation)	 is	 shown	 in	 the	 equation	below.	 ∆𝑆 = − 𝑘𝑣!2 (𝜆! − 2𝜆!! − 3)	 (Eq.	1.14)		
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	Where	νe	is	the	effective	number	of	elastic	chains	in	the	sample	in	moles	and	λ	is	the	strain	of	the	sample	(i.e.	αx).	Using	the	thermodynamic	relation	for	a	perfect	elastic	rubber	we	can	derive	an	equation	for	the	retractive	force.	This	retractive	force	is	the	stress	placed	on	the	sample	under	strain.		 𝑓 = −𝑇 𝛿𝑆𝛿𝐿 !,! 	 (Eq.	1.15)	𝑓 = − 𝑇𝐿! 𝛿𝑆𝛿𝛼 !,! 	 (Eq.	1.16)	𝑓 = 𝑅𝑇 𝑣!𝑉 (𝜆 − 𝜆!!)	 (Eq.	1.17)		Where	 R(νe/V)	 can	 be	 replaced	 with	 νndk	 where	 νnd	 is	 the	 number	 density	 of	chains	 in	 the	network.	This	 equation	 can	be	 rewritten	as	 a	 simple	 relationship	between	stress	(σ)	and	strain	(λ)	in	a	purely	elastic	material,	shown	below.	 	𝜎 = 𝐺(𝜆 − 𝜆!!)	 (Eq.	1.18)		where	G	is	the	shear	modulus,	which	is	equal	to	νndkT.	The	shear	modulus	can	be	related	to	the	elastic	(or	Young’s)	modulus,	E,	using	the	relationship	E=3G	for	a	non-compressible	rubber.			Schaefgen	and	Flory	explored	 the	effects	of	 cross-linking	density	on	 the	stress-strain	relationship	for	tetra-linked	polyamide[26].	The	results	were	compared	to	theoretical	 stress-strain	 curves	 generated	 using	 rubber	 elasticity	 theory.	Increasing	cross-linking	density	increases	the	number	density	of	elastic	chains	in	the	sample	 (νnd)	and	should	 result	 in	a	 linear	 increase	 in	 the	stress	 for	a	given	strain.		
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	Figure	1.11.	shows	the	tension	of	a	multi-linked	polyamide	as	a	function	of	cross-link	density.	Results	are	shown	for	different	elongations,	indicated	by	the	values	near	the	trendlines,	The	dashed	line	is	the	theoretical	values	for	an	elongation	of	1.4.	From	Schaefgen	and	Flory	(1950)[26].		The	 experimental	 results	 shown	 in	 Figure	 1.11	 do	 show	 a	 linear	 relationship	between	cross-linking	density	and	stress	at	all	of	the	chosen	strains.	A	theoretical	relationship	 between	 stress	 and	 cross-link	 density	 has	 been	 produced	 for	 a	strain	of	1.4,	shown	as	 the	dotted	 line	 in	Figure	1.11.	At	all	cross-link	densities	the	theoretical	stresses	are	around	50%	of	the	experimentally	measured	results,	
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this	holds	true	for	all	strains	investigated.	Flory	suggests	entanglements	between	chains	in	the	network	as	a	source	of	this	difference[25].			As	mentioned	in	section	1.2.1.3	polymer	chains	diffuse	around	each	other	during	the	 final	 stage	 of	 film	 formation.	 Chains	 can’t	 move	 into	 or	 through	 space	occupied	by	another	chain,	resulting	 in	 topological	constraints	that	can	act	 in	a	similar	manner	to	cross-links.			The	Edwards	 tube	model	 describes	 the	 effect	 of	 entanglements	 by	 considering	the	 entanglements	 acting	 as	 constraining	 potentials	 on	 a	 chain[26].	Entanglements	with	other	chains	result	in	quadratic	potentials	constraining	each	monomer	 in	 the	 chain.	 A	 primitive	 path	 is	 then	 defined	 as	 the	 path	 the	 chain	would	follow	when	each	monomer	is	at	its	minimum	potential.			Monomers	can	stray	slightly	from	the	primitive	path	due	to	small	fluctuations	in	thermal	 energy.	 These	 variations	 from	 the	 primitive	 path	 typically	 have	 free	energies	 at	 or	 below	 kT.	 The	 distance	 between	 the	 possible	 positions	 of	 a	monomer	at	a	free	energy	of	kT	defines	the	diameter	of	the	confining	tube,	a.	The	length	 of	 a	 network	 chain	 between	 entanglements	 can	 then	 be	 defined	 as	 the	end-to-end	distance	of	a	 chain	 that	 reaches	across	 the	 tube	diameter	 shown	 in	the	equation	below.		 𝑎 = 𝑏𝑁!!/!	 (Eq.	1.19)	We	can	define	a	new	modulus,	Ge,	the	entanglement	modulus	in	a	similar	manner	to	the	shear	modulus	defined	for	a	cross-linked	network.	In	this	case	we	will	look	at	the	number	density	of	chains	between	entanglements,	νe.	We	can	then	define	the	shear	modulus	of	a	material	as	the	sums	of	the	cross-linked	modulus	(Gx)	and	the	entanglement	modulus	(Ge).			 𝐺 = 𝐺! + 𝐺! = 𝑣!𝑘𝑇 + 𝑣!𝑘𝑇	 (Eq.	1.20)	𝐺 = 𝑘𝑇(𝑣! + 𝑣!)	 (Eq.	1.21)	
	Figure	1.12	shows	a	comparison	of	the	rubber	elasticity	theorem	to	experimental	results	found	for	a	cross-linked	rubber.	At	low	strains,	the	theoretical	results	fit	well	to	the	experimental	findings.	However,	as	strain	increases	large	deviations	are	found	between	the	two.	From	Flory	(1953)[25].			
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At	strains	in	the	range	of	2<λ<4,	the	gradient	of	the	experimental	results	drops	below	 that	 of	 the	 theoretical	 results.	 This	 is	 a	 phenomenon	 known	 as	 strain	softening	and	the	Edwards	tube	model	cannot	predict	this	behaviour.		Mooney	 and	 Rivlin	 developed	 a	 model	 of	 elasticity	 that	 does	 not	 consider	molecular	interpretations	of	polymer	chains[27,28].	Instead	a	general	expression	for	the	free	energy	of	the	system	is	used.	Mooney	and	Rivlin	make	use	of	three	strain	invariants:	 𝐼! = 𝜆!! + 𝜆!! + 𝜆!!	 (Eq.	1.22)	𝐼! = 𝜆!!𝜆!! + 𝜆!!𝜆!! + 𝜆!!𝜆!! 	 (Eq.	1.23)	𝐼! = 𝜆!!𝜆!!𝜆!!	 (Eq.	1.24)	From	these	 invariants	a	 free	energy	density	of	 the	network	can	be	written	as	a	power	 series	 in	 the	 differences	 between	 these	 invariants	 under	 strain	 as	opposed	to	their	values	in	an	unstrained	state.		 𝐹𝑉 = 𝐶! + 𝐶! 𝐼! − 3 + 𝐶! 𝐼! − 3 + 𝐶! 𝐼! − 3 +⋯	 (Eq.	1.25)	In	the	case	of	uniaxial	deformation,	i.e.	strain	in	one	direction,	for	an	ideal	rubber		volume	 is	 conserved	 and	 as	 such	 I3=1	 and	 therefore	 the	 fourth	 term	 of	 the	equation	 becomes	 zero.	 In	 order	 to	 simplify	 the	 terminology	 in	 the	model	 the	following	substitutions	are	made	in	the	case	of	uniaxial	deformation.	𝜆! = 𝜆     𝜆! = 𝜆! = 1𝜆	 (Eq.	1.26)	𝐹𝑉 = 𝐶! + 𝐶! 𝜆! − 2𝜆 − 3 + 𝐶! 2𝜆 + 1𝜆! − 3 	 (Eq.	1.27)	The	 second	 term	 provides	 an	 analogy	 to	 the	 free	 energy	 of	 an	 elastic	 rubber	using	a	Gaussian	statistical	method.	As	a	result	we	can	make	the	substitution	of	C1=Gx/2.	 The	 true	 stress	 can	 be	 obtained	 by	 differentiating	 the	 energy	 density	leading	to	the	following	equation		 𝜎!"#$ = 𝜆 𝜕 𝐹𝑉𝜕𝜆 = 2𝐶! 𝜆! − 1𝜆 + 2𝐶! 𝜆 − 1𝜆! +⋯	 (Eq.	1.28)	𝜎!"#$ = 𝜆𝜎!"# = 2𝐶! + 2𝐶!𝜆 𝜆! − 1𝜆 	 (Eq.	1.29)		From	this	derivation	we	can	get	to	the	classic	Mooney-Rivlin	relationship:		 𝜎!"#$𝜆! − 1/𝜆 = 𝜎!"#𝜆 − 1/𝜆! = 2𝐶! + 2𝐶!𝜆 	 (Eq.	1.30)	For	a	classical	model	of	 rubber	elasticity	2C1=G	and	C2=0.	Experimental	results	suggest	that	the	Mooney-Rivlin	model	accurately	describes	uniaxial	deformation	of	 a	 network,	 although	 in	 these	 cases	C2	 is	 found	 to	 be	 greater	 than	 zero[29].	Strain	 softening	 is	 predicted	 by	 the	 Mooney-Rivlin	 model,	 however	 it	 doesn’t	offer	a	clear	explanation	for	the	cause.			The	non-affine	 slip-tube	model	was	developed	by	Rubenstein	and	Panyukov	 to	give	 greater	 insight	 in	 the	mechanisms	behind	 strain	 softening[30].	The	model	proposes	 that	 length	 of	 the	 polymer	 chains	 perpendicular	 to	 the	 direction	 of	deformation	 can	 be	 re-distributed	 across	 the	 chain	 in	 the	 direction	 of	
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deformation	 in	 order	 to	 balance	 tension	 across	 the	 chain.	 This	 leads	 to	 a	reduction	in	the	free	energy	of	the	network.			The	 stress-strain	 relationship	 of	 this	 model	 does	 not	 have	 a	 simple	 solution,	however,	experimental	results	have	allowed	the	model	to	be	solved	over	a	range	of	0.1<λ<0.		 	𝜎!"#$𝜆! − 1/𝜆 = 𝜎!"#𝜆 − 1/𝜆! = 𝐺! + 𝐺!0.74𝜆 + 0.61𝜆!!/! − 0.35	 (Eq.	1.31)	In	 figure	 1.12	 a	 sharp	 increase	 is	 seen	 in	 stress	 at	 strains	 greater	 ≥5;	 this	 is	known	as	strain	hardening	and	it	 illustrates	a	key	limit	of	this	theory	of	rubber	elasticity.	 The	 Gaussian	 statistical	 model	 of	 rubber	 elasticity	 holds	 true	 only	when	the	extension	of	the	rubber	chains	does	not	reach	the	fully	extended	length	of	 the	chains.	 	The	 force	 required	 to	extend	a	 freely	 jointed	polymer	chain	 (i.e.	not	 constrained)	 is	 more	 accurately	 described	 using	 an	 inverse	 Langevin	function.		 𝑓 = 𝑘𝑇𝑏 ℒ!! 𝑅𝑁𝑏 	 (Eq.	1.32)		1.3.2	Viscoelasticity	in	Polymer	Melts		Polymers	 above	 the	 glass	 transition	 temperature	 are	 referred	 to	 as	 a	 polymer	melt.	 Whilst	 above	 the	 glass	 transition,	 polymer	 chains	 have	 enough	 thermal	energy	to	move	through	the	network	of	entanglements.	As	mentioned	previously	the	movement	of	 chains	allows	 the	stretching	 to	be	 redistributed	over	a	 larger	length	of	chains,	resulting	in	a	reduction	in	the	observed	stress	in	a	sample.			The	phenomenon	can	be	 investigated	through	stress-relaxation	experiments,	 in	which	 a	 step	 strain	 is	 applied	 to	 a	 sample	 and	 resulting	 decay	 of	 stress	 is	recorded[29].	For	samples	in	which	the	polymer	chains	are	much	longer	than	the	chain	length	between	entanglements,	an	initial	drop	in	stress	is	observed	before	a	plateau	is	reached.	This	plateau	is	referred	to	as	the	plateau	modulus,	Gp.		
	Figure	1.13.	Diagrams	showing	the	general	behavioural	trends	in	the	stress	of	a	cross-linked	(a)	and	non	cross-linked	(b)	elastomer	when	held	under	a	constant	strain.	Note	that	the	stress	on	the	cross-linked	polymer	will	remain	at	the	plateau	modulus	indefinitely	whilst	the	stress	on	the	non-crosslinked	polymer	will	decay	to	zero	after	the	reptation	time	has	been	reached.	General	behavioural	trends	are	depicted,	not	actual	results.	
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	In	his	reptation	model,	De	Gennes	models	 the	movement	of	an	entangled	chain	along	the	Edwards	tube	as	a	curving	snake-like	motion[26,31].	The	motion	of	a	chain	along	its	primitive	path	is	described	by	the	curvilinear	diffusion	coefficient,	
Dc.	This	rate	is	controlled	by	the	Rouse	friction	coefficient	of	the	chain.			The	Rouse	model,	assumes	a	polymer	chain	to	be	a	series	of	beads	connected	by	springs[32].	Each	individual	bead	has	it’s	own	friction,	with	a	friction	coefficient	of	ζ.	For	a	chain	of	N	particle	the	friction	coefficient	of	the	chain	is	ζC=Nζ.	Using	the	 Einstein	 diffusion	 relation,	 the	 Rouse	 diffusion	 coefficient	 of	 the	 chain	becomes	 𝐷! = 𝑘𝑇𝜁! = 𝑘𝑇𝑁𝜁 = 𝐷! 	 (Eq.	1.33)	A	 reptation	 time	 can	 then	 be	 defined	 as	 the	 time	 taken	 for	 a	 chain	 to	 diffuse	entirely	out	of	its	initial	tube.	In	order	to	do	this	we	must	define	the	length	of	a	polymer	chain	along	its	primitive	path,	the	average	contour	length.	𝐿 ≈ 𝑎 𝑁𝑁! ≈ 𝑏!𝑁𝑎 ≈ 𝑏𝑁𝑁! 	 (Eq.	1.34)	From	 this	 we	 get	 to	 the	 following	 equation	 for	 the	 reptation	 time,	 τr,	 for	 a	polymer	chain.	 𝜏! ≈ 𝐿!𝐷! ≈ 𝑏!𝑁!𝑁!𝐷! ≈ 𝜁𝑏!𝑘𝑇 𝑁!𝑁! 	 (Eq.	1.35)	This	relationship	would	suggest	 that	τr	is	proportional	 to	 the	cube	of	 the	molar	mass,	M3.	However,	experimental	results	on	a	variety	of	polymers	suggest	that	τr	is	more	accurately	proportional	to	M3.4.		Similarly,	for	a	chain	between	entanglements	a	reptation	time,	τe,	can	be	defined.		𝜏! ≈ 𝜁𝑏!𝑘𝑇 𝑁!!	 (Eq.	1.36)	The	Rouse	model	 can	be	used	 to	 predict	 the	 stress	 relaxation	modulus	 for	 the	case	where	 the	 time,	 t,	 is	 less	 than	 the	 entanglement	 reptation	 time,	τe[32].	At	times	greater	than	τe,	the	motion	of	the	chain	becomes	topologically	constrained	by	 the	 surrounding	 chains.	 As	 a	 result	 the	 stress	 relaxation	 modulus	 at	 the	entanglement	reptation	time	G(τe)	is	equal	to	the	plateau	modulus	Gp.	𝐺(𝑡) ≈ 𝐺! 𝑡𝜏! !!/!	 (Eq.	1.37)	For	a	chain	between	entanglements	the	relaxation	time,	τe,	is	given	below.	Where	
τ0	is	the	relaxation	time	of	a	single	monomer	𝜏! = 𝜏!𝑁!!	 (Eq.	1.38)	𝜏! = 𝜁𝑏!6𝜋!𝑘𝑇 ≈ 𝜁𝑏!𝑘𝑇 	 (Eq.	1.39)		The	 stress	 relaxation	 modulus	 for	 a	 single	 monomer	 can	 be	 given	 using	 the	relationship	below,	and	as	a	result	 the	plateau	modulus	can	be	calculated	 for	a	chain	of	Ne	units.					
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𝐺! ≈ 𝐺(𝜏!) ≈ 𝑘𝑇𝑣! 	 (Eq.	1.40)	𝐺! = 𝐺 𝜏! = 𝐺!𝑁! = 𝑘𝑇𝑣!𝑁! 	 (Eq.	1.41)		Where	ν0	 is	the	volume	of	a	monomer.	The	plateau	modulus	is	maintained	until	the	reptation	time	for	the	entire	chain,	τr,	is	reached.	In	the	absence	of	any	cross-links	 between	 chains,	 the	 stress	 will	 then	 decay	 to	 zero.	 In	 a	 cross-linked	polymer	 the	 stress	will	 remain	at	 the	plateau	modulus	 indefinitely,	 a	 graphical	representation	of	these	two	scenarios	can	be	seen	in	figure	1.13.		1.4	Crystallinity	in	Polymers		If	a	polymer	has	a	regular	enough	chain	structure	and	an	entropically	preferred	chain	 conformation,	 then	 it	 is	 possible	 for	 crystallisation	 to	 take	 place.	 Chain	defects,	 such	as	chains	 in	non-preferred	conformations	or	variation	 in	 isomers,	hinder	the	formation	of	a	regular	crystalline	structure.			Initially,	 a	 statistical	 outlook	 was	 taken	 on	 crystallinity	 in	 polymers.	 It	 was	assumed	that	crystallites	formed	by	chance	when	adjacent	polymer	chains	come	together	 to	 form	 crystalline	 ‘sheafs’.	 The	 resulting	 structures	 would	 be	characterised	by	a	large	surface	area	in	the	direction	of	alignment	in	comparison	to	the	surface	area	perpendicular	to	alignment.			Storks	initially	introduced	the	concept	of	chain	folding	in	1938,	in	which	polymer	chains	fold	back	and	forth	to	form	a	lamella	crystalline	structure[33].	However,	it	took	 until	 1957	 for	 this	 concept	 to	 become	 widely	 accepted	 when	 three	independent	 papers	 reported	 single	 crystals	 with	 large	 surface	 areas	perpendicular	to	the	direction	of	chain	alignment	and	lamella	thicknesses	much	less	 than	 that	 of	 the	 length	 of	 the	 polymer	 chains.	 These	measurements	were	made	on	crystals	formed	from	dilute	solutions.		Crystals	grown	from	the	polymer	melt	show	also	show	the	same	aspect	ratio	as	single	 crystals	 formed	 from	 dilute	 solutions.	 Typically	 lamella	 crystals	 have	 a	0.01-0.001	thickness	to	width	ratio[34].	Lamella	crystal	 in	the	melt	form	stacks	with	 amorphous	 polymer	 in	 between	 the	 lamella	 crystals.	 The	 lamellar	 stacks	can	 orient	 themselves	 into	 different	 larger,	 supermolecular,	 structures	depending	on	the	conditions	of	crystallisation.			The	amorphous	phase	between	lamella	crystals	has	a	large	impact	on	the	large-scale	 mechanical	 properties	 of	 a	 polymer	 film.	 Individual	 polymer	 chains	 can	have	sections	of	the	chain	in	multiple	different	lamella	crystals.	Interlamellar	tie	chains	 connect	 the	 lamella	 together;	 the	 density	 of	 these	 tie	 chains	 is	 key	 in	forming	a	material	with	high	mechanical	strength.			The	 concentration	 density	 of	 the	 interlamellar	 tie	 chains	 is	 dependent	 on	 the	molecular	 mass	 of	 the	 polymer[34].	 Very	 low	molecular	 masses	 will	 result	 in	chains	folding	within	a	single	lamella.	On	the	other	hand	high	molecular	masses	can	fold	over	within	lamella	before	tying	the	lamella	to	the	next	lamellar	stack.	If	
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the	 molecular	 mass	 is	 high	 enough,	 a	 single	 molecule	 can	 tie	 many	 lamellar	crystals	together.				Spherulites	are	perhaps	the	most	well	known	supermolecular	structure	found	in	semi-crystalline	 polymers.	 Spherulites	 have	 two	 distinct	 refractive	 indices	defined	as	the	tangential	and	radial	refractive	indices.	When	viewed	using	cross-polarised	microscopy	spherulites	produce	a	‘Maltese	cross’	pattern,	examples	of	which	are	shown	in	Figure	1.14.			
	Figure	 1.14.	 Examples	 of	 spherulitic	 crystallites	 in	 PES	 polymer	 displaying	 the	Maltese	cross	pattern.	From	Wu	et	al.	(2012)[35]		Cross-polarised	microscopy	allows	birefringent	materials,	such	as	spherulites	to	be	 studied	 by	 polarising	 incoming	 light	 and	 placing	 a	 perpendicularly	 aligner	polariser	 after	 the	 objective	 lens.	 Crystals	 will	 show	 a	 maximum	 intensity	 of	transmitted	light,	when	they	are	aligned	at	45°	angle	to	the	polarising	lens.	The	Maltese	 cross	 pattern	 arises	 as	 different	 lamellar	 stacks	 are	 aligned	circumferentially	 resulting	 in	 regions	 of	 transmitted	 light	 and	 regions	 where	light	is	not	transmitted.				1.4.1	Crystallization	and	Coalescence		When	 considering	 a	 polymer	 that	 undergoes	 crystallisation	 during	 film	formation,	 we	 propose	 a	 modification	 of	 the	 conventional	 model	 of	 film	formation.	The	first	two	processes	(particle	packing	and	deformation)	will	occur	as	normal	for	crystallizable	polymer	particles.	Thereafter,	there	is	a	competition	between	 the	 crystallization	 of	 chains	 within	 a	 particle	 and	 the	 coalescence	 of	
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those	particles.	The	relative	rates	of	each	will	determine	which	one	first	reaches	completion.			We	 propose	 that	 if	 the	 rate	 of	 crystallisation	 is	 much	 faster	 than	 the	 rate	 of	coalescence,	 then	 crystals	 could	 form	 at	 a	 particle’s	 surface	 and	 prevent	 chain	extension	 and	 entanglements	 across	 the	 interface	 with	 its	 neighbouring	particles.	A	film	with	distinct	particle	boundaries,	which	is	illustrated	in	Scenario	1	 (crystallisation-driven	 scenario)	 in	 Figure	 1.15,	 is	 expected	 to	 be	 weaker	 at	high	strains.	
	Figure	1.15.	Visual	representations	of	 the	proposed	scenarios	of	 film	 formation	which	occur	when	crystallisation	 is	much	faster	than	coalescence	(Scenario	1	=	crystallisation-driven	 scenario),	 or	 when	 coalescence	 is	 much	 faster	 the	crystallisation	 (Scenario	 2	 =	 coalescence-driven	 scenario).	 Here	 it	 is	 assumed	that	the	crystal	size	is	the	same	as	the	particle	size.		If	the	reverse	is	true,	then	the	film	will	become	fully	coalesced	prior	to	the	onset	of	 crystallisation.	 Particle	 boundaries	 will	 be	 removed	 prior	 to	 crystallisation.	The	resulting	film	will	have	greater	cohesion	between	the	particles,	leading	to	a	film	 that	 can	 withstand	 large	 strains.	 A	 schematic	 representation	 of	 the	coalescence-driven	scenario	(Scenario	2)	can	also	be	seen	in	Figure	1.15.	In	this	research,	we	investigate	the	effect	of	heating	structures	formed	under	Scenario	1	to	allow	coalescence	to	occur	prior	to	re-crystallization.		The	time	for	a	film	to	become	coalesced,	i.e.	chains	have	interdiffused	enough	for	there	to	be	no	distinct	particle	boundaries,	can	be	estimated	from	the	reptation	time.		De	Gennes’	model	of	reptation	can	be	used	to	estimate	the	time,	τrep,	for	the	entire	chain	to	diffuse	out	of	its	initial	position[31,36].		𝜏!"# = 𝑏!𝑁!𝑁!𝐷! 	 (Eq.	1.42)	where	b	is	the	length	of	a	monomer	unit,	N	is	the	total	number	of	units	in	a	chain,	
Ne	 is	 the	 number	 of	 units	 between	 entanglements,	 and	 DB	 is	 the	 diffusion	coefficient	of	the	bulk	polymer.			The	 time	 for	 interdiffusion	 can	 be	 compared	 to	 the	 time	 for	 crystallization	 in	order	to	determine	which	scenario	of	film	formation	will	be	followed.	The	rate	of	crystallisation	can	be	determined	using	optical	microscopy	to	follow	the	growth	of	 crystals	 over	 time.	 Alternatively	 the	 Turnbull	 droplet	 method[37]	 involves	measuring	 the	 size	 of	 a	 droplet	 containing	 a	 crystallisable	material	 over	 time.	Reductions	 in	 the	 volume	 of	 the	 droplet	 correspond	 to	 crystallisation	 of	 the	material,	as	crystallization	is	first-order	phase	transition	(i.e.	a	transition	with	a	volume	change).		
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	1.4.2	Strain-Induced	Crystallisation		When	 certain	 polymers	with	 regular	 chain	 structures	 are	 placed	 under	 strain,	crystallisation	 can	 be	 observed	 at	 high	 strain	 (typically	 λ>3).	 SIC	 was	 first	observed	 in	Natural	Rubber	by	Katz	 in	1925[38].	 Since	 then	SIC	has	 also	been	observed	in	a	variety	of	synthetic	rubbers,	including	poly(chloroprene).			
	Figure	1.16.	A	visual	depiction	of	the	development	of	strain-induced	crystallinity	in	 a	 polymer	 system.	 Initially	 the	 polymer	 is	 unstretched	 (a),	 red-chains	represents	 chains	 shorter	 than	 the	 average	 chain	 length	 and	 dots	 represent	cross-links.	As	the	polymer	is	placed	under	 increasing	strain	the	shorter	chains	become	 fully	 extended.	 As	 the	 strain	 continues	 to	 increase	 (c)	 the	 stretched	shorter	 chains	 act	 as	 nucleation	 sites	 for	 crystal	 growth.	 From	 Tosaka	(2004)[39].		Flory	 developed	 a	 thermodynamic	 theory	 of	 strain-induced	 crystallisation.	 He	proposed	the	extension	of	chains	lead	to	the	growth	of	fibrous	crystals	aligned	in	the	direction	of	strain[40].	However,	the	research	group	of	H.G.	Kilian	proposed	that	 lamellar	crystal	structures	are	developed	perpendicular	 to	 the	direction	of	strain	leading	to	the	formation	of	a	‘shish-kebab’	structure[41,42].			Lamellar	 crystals	 were	 discovered	 in	 non-cross-linked	 natural	 rubber	 using	electron	microscopy.	 Tosaka	 et	 al	 investigated	 the	 SIC	 in	 natural	 rubber	 using	wide	angle	x-ray	diffraction	 (WAXD);	 including	 the	effects	of	 cross-link	density	on	 SIC[39].	 They	 found	 that	 increasing	 cross-link	 density	 resulted	 in	 faster	crystallisation	 with	 respect	 to	 strain.	 Additionally,	 they	 found	 that	 increased	cross-linking	decreased	the	surface	area	of	the	lamellar	stacks.			Tosaka	 proposed	 that	 fully	 stretched	 chains	 in	 cross-linked	 networks	 act	 as	nucleation	 sites	 for	 the	 growth	 of	 lamellar	 crystals[39].	 With	 increased	crosslinking	density	there	is	a	greater	chain	number	density	and	as	a	result	more	nucleation	sites.	Crystallization	increases	the	entropy	in	the	amorphous	portion	of	 the	material;	 at	 a	 certain	 level	 of	 crystallinity	 the	 entropy	will	 become	high	enough	to	inhibit	crystallisation	entirely.		
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	This	 thesis	will	 cover	 research	on	alternatives	materials	 for	natural	 rubber	 for	use	in	the	glove	making	industry.	In	Chapter	two,	the	experimental	methods	and	procedures	 used	 in	 subsequent	 chapters	 are	 discussed.	 Chapter	 three	 details	research	 on	 blended	 films	 of	 semi-crystalline	 and	 non-crystalline	poly(chloroprene).	 In	 Chapter	 4,	 research	 on	 blended	 films	 of	 semi-crystalline	poly(chloroprene)	 and	 amorphous	 carboxylated	 nitrile-butadiene	 rubber	(XNBR)	are	presented.	Chapter	5	discusses	the	fate	of	surfactant	in	XNBR	as	well	as	a	study	of	the	coagulant	dipping	process	used	to	create	gloves.	Finally,	Chapter	6	 presents	 the	 conclusions	 of	 my	 thesis	 and	 details	 potential	 areas	 for	 future	work.		1.5	References		1.	 Shah,	D.,	Chowdbury,	MM.,	Rubber	Allergy.	Clinics	 in	Dermatology,	2011.	
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Chapter	2	Experimental	Methods	and	Procedures	for	Characterisation	and	Testing		A	 variety	 of	 experimental	methods	 have	 been	 used	 in	 this	 thesis;	 this	 chapter	describes	 the	 principle	 of	 the	 techniques	 used.	 Specific	 details	 of	 individual	experiments	will	be	provided	in	further	chapters.	2.1	Atomic	Force	Microscopy	Atomic	Force	Microscopy	(AFM)	is	a	method	of	imaging	the	surface	of	a	material	on	 the	 nanometre	 scale.	 A	 cantilever	with	 a	 very	 sharp	 tip	 attached	 is	 used	 to	measure	changes	in	the	height	of	the	sample.	A	 laser	 is	shone	on	the	cantilever	and	 reflected	 on	 to	 a	 detector.	 For	 the	 experiments	 performed	 in	 this	 report,	intermittent	 contact	 scanning	 (commercially	 called	 the	 “Tapping	 Mode”)	 was	used.	The	cantilever	is	oscillated	in	and	out	of	contact	with	the	sample;	the	cantilever	will	follow	the	contours	of	the	sample	when	it	taps	against	it.		A	feedback	loop	is	used	to	keep	the	tip	at	a	constant	height	by	moving	the	sample	up	and	down	on	a	piezoelectric	 driven	 sample	 holder.	 The	 direction	 and	 amplitude	 of	movement	needed	to	keep	the	tip	at	a	constant	height	allows	a	topographical	 image	of	the	sample	to	be	created.	The	 sample	 is	 secured	 in	 a	 movable	 sample	 holder,	 which	 can	 be	 moved	accurately	 to	 a	micrometre	 scale	 using	 a	 piezoelectric	 actuator.	 In	 addition	 to	changes	 in	height,	 the	change	 in	 the	phase	between	the	driving	electronics	and	the	 phase	 of	 the	 tip	 oscillation	 is	 also	 measured.	 Differences	 in	 phase	 change	correspond	 to	 a	 difference	 in	 the	 energy	 dissipation	 from	 the	 tip/sample	interaction,	 which	 reflects	 the	 mechanical	 properties	 of	 the	 sample,	 such	 as	viscoelasticity	and	adhesion.	Phase	images	can	allow	difference	in	the	materials	of	the	sample	to	be	identified,	even	if	the	different	materials	are	not	separable	on	a	height	image.[1]	An	 NT-MDT	 Ntegra	 Prima	 atomic	 force	 microscope	 was	 used	 in	 these	experiments	alongside	the	NT-MDT	Nova	software.	The	cantilever	used	was	Au	coated	 and	 also	 sourced	 from	 NT-MDT;	 a	 set	 point	 of	 18.0	 V	 was	 used.	 The	cantilever	had	a	force	constant	between	1.45	and	15.1	N/m.	2.2	X-Ray	Diffraction	X-rays	are	a	sub-section	of	electromagnetic	radiation	with	wavelengths	ranging	between	 0.1	 and	 10	 nm.	 X-Ray	 diffraction	 allows	 the	 molecular	 structure	 of	crystalline	materials	 to	be	 investigated.	This	 is	due	 to	 the	wavelength	being	on	the	 same	 order	 of	 magnitude	 as	 the	 distance	 between	 reflecting	 planes	 in	crystals.		
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X-rays	 diffraction	makes	 use	 of	 a	 phenomenon	 known	 as	 elastic	 scattering.	 X-rays	 scatter	 when	 the	 encounter	 atoms	 with	 in	 the	 crystal,	 in	 particular	 they	scatter	 off	 of	 electrons	 within	 the	 atom.	 	 When	 the	 X-ray	 strikes	 an	 electron,	spherical	waves	are	scattered.	In	a	crystal	there	is	an	array	of	particles	arranged	in	unvarying	pattern,	all	of	which	scatter	spherically.		In	 the	 majority	 of	 directions	 the	 scattered	 x-rays	 destructively	 interfere	 with	each	 other	 and	 no	 x-rays	 can	 be	 detected.	 In	 some	 specific	 directions	 x-rays	interfere	constructively,	providing	a	unique	set	of	peaks	to	identify	the	material.	The	directions	of	these	peaks	can	be	determined	using	the	Bragg	Law.	2𝑑 sin 𝜃 = 𝑛𝜆	 (Eq.	2.1)	where	d	is	the	distance	between	diffracting	planes,	θ	is	the	incident	angle	of	the	x-ray,	λ	is	the	wavelength	and	n	is	an	integer.	The	characteristic	peaks	are	found	at	scattering	angles	greater	than	10°	using	wide-angle	X-ray	scattering	(WAXS).	2.2.1	Static	WAXS	Static	 X-ray	 experiments	 were	 performed	 at	 the	 University	 of	 Surrey	 using	 a	PANalytical	 X’Pert	 pro	 diffractometer	 using	 a	 Cu-Kα	 source,	 which	 has	 a	characteristic	wavelength	(λ)	of	1.5418	Å.	A	scan	rate	of	0.25	°	min-1.		2.2.2	Dynamic	X-ray	WAXS	measurements	have	been	performed	on	samples	whilst	under	strain	using	a	Xenocs	Xeuss	2.0	SAXS	machine.	Samples	were	strained	at	a	constant	rate	of	1	mm/min.	Measurements	were	 taken	 over	 a	 20	 second	 period	with	 a	 4	 second	down	time	between	measurements.		2.3	Optical	Microscopy	Non-cubic	 crystals,	 such	 as	 those	 found	 in	 poly(chloroprene)	 are	 often	birefringent.	 Birefringent	 materials	 have	 two	 refractive	 indices,	 resulting	 in	double	refraction.	When	polarized	light	is	shone	through	a	birefringent	medium,	the	 resulting	waves	exiting	 the	medium	are	phase	 shifted	with	 respect	 to	 each	other.		Cross-polarised	 lenses	can	be	used	 for	optical	studies	of	birefringent	materials.	Incoming	 light	 passes	 through	 a	 polariser	 prior	 to	 reaching	 the	 sample,	 then	passes	 through	 a	 perpendicular	 polariser	 after	 passing	 through	 the	 sample.	When	 the	 light	 passes	 through	 birefringent	materials	 the	 light	 is	 phase	 shifter	and	can	pass	through	the	second	polariser.	Light	that	is	not	phase-shifted	will	not	be	able	to	pass	through	the	second	polariser.	Optical	 microscopy	 experiments	 have	 been	 performed	 on	 semi-crystalline	polymer	samples	under	cross-polarised	lenses.	A	Zeiss	Axiophot	microscope	was	used	with	a	Zeiss	Axiocam	camera.				
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2.4	Differential	Scanning	Calorimetry	Differential	Scanning	Calorimetry	(DSC)	is	a	technique	used	to	investigate	phase	changes	 in	materials.	Phase	transitions	are	either	exothermic	(heat	 is	released)	or	endothermic	(heat	is	absorbed)	reactions.		Typically,	a	sample	and	a	reference	are	heated	at	a	linear	temperature	ramp,	the	difference	 in	 heat	 required	 to	 change	 the	 temperature	 of	 the	 sample	 in	comparison	to	the	reference	allows	phase	changes	to	be	observed.	Additionally	isothermal	 experiments	 can	 be	 performed,	 in	 such	 a	 case	 the	 sample	 and	reference	are	kept	at	a	constant	temperature	and	any	heat	flow	in	the	sample	is	measured.	In	our	case	samples	are	sealed	in	aluminium	DSC	pans,	with	another	aluminium	pan	 being	 used	 as	 the	 reference	 sample.	 Experiments	 were	 performed	 under	nitrogen	using	a	TA	Instruments	Q1000	(TA	Instruments,	New	Castle,	DE,	USA).	2.5	Dynamic	Mechanical	Analysis	A	 viscoelastic	material	 is	 one	 that	 has	 properties	 of	 a	 Newtonian	 fluid	 and	 an	elastic	 solid.	 The	 viscoelastic	 characteristics	 of	 polymers	 can	 be	 studied	 using	dynamic	mechanical	 analysis	 (DMA).	DMA	applies	 either	 a	 sinusoidal	 strain	 or	stress	to	a	sample	and	measures	the	opposing	variable.		For	a	perfectly	elastic	 rubber	at	 small	 strains,	 stress	 is	directly	proportional	 to	strain.	For	a	perfectly	viscous	fluid,	stress	is	proportional	to	the	strain	rate.	As	a	result	stress	and	strain	will	be	in	phase	for	elastic	materials	and	90°	out	of	phase	for	viscous	materials.	A	 viscoelastic	material	will	 include	 components	 of	 both	 and	DMA	allows	 these	components	 to	 be	 separated.	 The	 energy	 elastically	 stored	 in	 the	 material	 is	measured	through	the	storage	modulus.	Energy	lost	as	heat,	is	measured	as	the	loss	modulus.		DMA	 tests	 typically	 involve	 a	 sweep	 through	 either	 a	 temperature	 range	 or	 a	frequency	 range.	 Experiments	 detailed	 in	 further	 chapters	 exclusively	 feature	temperature	 sweeps.	 Temperature	 sweeps	 allow	 crystal-melting	 transitions	 to	be	observed	in	addition	to	glass	transitions.		Experiments	were	performed	using	a	TA	Instruments	DMA	Q800.	A	frequency	of	1	Hz	with	an	amplitude	of	0.1%	strain	was	used	across	a	temperature	range	of	-80	°C	to	60	°C	while	heating	at	5	°C/min.	2.6	Large	Scale	Mechanical	Properties	Large-strain	analysis	of	free-standing	polymer	films	was	performed	on	a	tensile	apparatus	fitted	with	pneumatic	grips	(Instron	5500R	–	1185).	A	100	kN	load	cell	was	used	for	all	experiments.		For	 all	 experiments	 rectangular	 strips	were	 cut	 from	a	 larger	 sample	 that	was	dried	 for	 24	 hours	 in	 a	 glass	 petri-dish	 in	 ambient	 conditions.	 The	width	 and	thickness	 measured	 with	 digital	 calipers	 prior	 to	 testing.	 Typical	 dimensions	were	3	mm	×	20	mm	with	a	thickness	of	0.5	mm.	Samples	were	clamped	in	the	
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pneumatic	grips,	and	the	gauge	length	was	measured	using	the	read-out	on	the	instron	prior	to	beginning	the	experiment.	Strain-to-failure	 experiments	 were	 performed	 under	 a	 constant	 strain	 rate.	Strain	rates	ranging	from	1	mm/min	to	200	mm/min	have	been	used.	Typically,	3	replicate	experiments	were	performed	to	account	for	any	micro-flaws	that	may	be	present	in	the	samples.		Additionally,	 stress	 relaxation	 experiments	 have	 been	 performed	 on	 free-standing	 polymer	 films.	 Like	 DMA	 this	 allows	 the	 viscoelastic	 properties	 of	polymer	films	to	be	investigated.	A	sample	is	stretched	to	a	set	strain,	in	our	case	strains	 of	 0.05	 and	 2	 have	 been	 used,	 and	 held	 there.	 The	 decay	 of	 stress	 is	recorded,	over	time	the	material	sample	will	reach	an	equilibrium	stress.		The	viscous	component	of	the	material	will	relax	over	time	result	in	the	observed	stress	 decay.	 The	 elastic	 component	 does	 not	 decay.	 These	 results	 can	 give	information	 on	 the	 level	 of	 cross-linking	 in	 the	 sample,	 densely	 cross-linked	samples	will	 show	a	 slower	 rate	 of	 strain	 decay	 than	 samples	with	 little	 to	 no	cross-linking.		2.7	Soxhlet	Extraction	Soxhlet	Extraction	is	a	technique	that	can	be	used	to	measure	the	gel	fraction	of	a	polymer.	This	gives	information	on	the	degree	of	crosslinking	within	the	polymer	network.	Particles	that	are	not	cross-linked	to	others	will	dissolve	in	the	correct	solvent,	whilst	large	crosslinked	networks	will	swell	rather	than	dissolving.		A	solid	sample	is	weighed	and	placed	in	a	thimble.	A	suitable	solvent	is	heated	to	evaporation	in	a	still	pot,	it	travels	up	a	distillation	branch	and	into	the	chamber	containing	the	thimble.	A	condenser	above	this	chamber	ensures	that	the	solvent	is	 cooled	 sufficiently.	When	 the	 solvent	 in	 the	 chamber	 reaches	 a	 high	 enough	level	it	drains	by	a	siphon	mechanism	and	returns	to	the	still	pot	to	be	reheated.		Over	 time	 the	 solvent	dissolves	 some	of	 the	 sample	 and	 removes	 it	 to	 the	 still	pot.	The	cycle	is	repeated	for	as	long	as	deemed	necessary.	The	remaining	solid	sample	can	then	be	dried	to	measure	the	gel	content	of	the	sample.	In	 order	 to	 assess	 the	 gel	 content	 of	 poly(chloroprene)	 samples,	 soxhlet	extraction	 tests	 were	 performed	 using	 toluene	 as	 a	 solvent.	 Extraction	 was	performed	 for	 8	 hours	 on	 three	 consecutive	 days,	 a	 total	 of	 24	 hours.	 An	uninterrupted	extraction	was	not	possible	due	to	health	and	safety	concerns.	2.8	UV-Vis	Spectroscopy	UV-Vis	spectroscopy	is	performed	by	shining	light	stepping	through	a	spectrum	of	wavelengths	through	a	sample	and	measuring	the	fraction	of	light	transmitted.	As	 the	 name	 suggests,	 light	 in	 both	 the	 visible	 and	 near	 ultra-violet	 spectra	 is	used.	Molecules	 in	 the	 sample	 can	have	very	 specific	 absorption	 spectra	which	are	quantitatively	proportional	to	the	concentration	of	the	molecule.	Initially	 an	 older	 Camspec	 M350	 Double	 Beam	 spectrometer	 was	 used	 for	experiments,	however	it	was	replaced	with	a	newer	spectrometer	(Shimadzu	UV-
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2501	 PC).	 The	 Shimadzu	 allows	 absorbances	 up	 to	 4-5	 A.U.	 to	 be	 measured,	whilst	the	Camspec	only	allows	absorbances	up	to	2.5	A.U.	to	be	measured.	The	absorbance	of	a	sample	is	calculated	using	the	equation	given	below	𝐴 = − log 𝐼𝐼!	 (Eq.	2.2)	Where	I	is	the	intensity	of	light	passing	through	the	sample	and	Io	is	the	intensity	of	light	passing	through	an	empty	cuvette.		It	has	been	reported	in	the	literature	that	the	concentration	of	SDBS	in	water	can	be	calculated	by	measuring	the	absorbance	of	light	at	certain	wavelengths	using	UV-Vis	spectroscopy[2].	This	method	is	valid	for	concentrations	both	above	and	below	the	critical	micelle	concentration	(CMC)[2].	Experiments	were	conducted	to	 confirm	 the	 linear	 relationship	 between	 the	 absorbance	 at	 260	 nm	 and	 the	SDBS	 concentration.	 Samples	 of	 SDBS	 solutions	 were	 made	 with	 known	concentrations	ranging	between	9.9	×10-5	mol/L	to	1	×10-2	mol/L.	The	samples	were	 transferred	 into	 a	 quartz	 cuvette	 using	 a	 pipette	 for	 measurement.	 This	material	was	used	because	quartz	does	not	absorb	over	the	range	of	wavelengths	studied	(190	–	300	nm),	whereas	plastics	and	standard	glass	are.	Experiments	were	then	performed	to	investigate	whether	SDBS	leaches	from	the	latex	films.	They	were	performed	by	submerging	a	film	on	a	glass	substrate	(22	mm	×	50	mm)	in	6	ml	of	water	in	a	small	sample	bottle.	To	take	measurements,	some	 of	 the	 liquid	 was	 removed	 from	 the	 sample	 bottle	 and	 deposited	 in	 a	cuvette.	 After	 measurement,	 the	 water	 was	 returned	 to	 the	 sample	 bottle.	Measurements	were	taken	over	a	24	hour	period	to	assess	the	time	dependence	of	 the	 SDBS	 leaching.	 The	 aim	 was	 to	 convert	 the	 UV	 absorbance	 to	 SDBS	concentration	using	the	experimental	calibration	curve.	Variables	 altered	 in	 the	 film	 leaching	 experimented	 included	 the	 drying	temperature	 of	 the	 latex,	 either	 65°C	 or	 110°C.	 Three	different	 leaching	media	were	used:	DI	water,	 aqueous	 sodium	hydroxide	 solution	 (1	×10-2	mol/L);	 and	aqueous	 potassium	 hydroxide	 solution	 (1	 ×10-2	mol/L).	 Additionally,	 an	 XNBR	glove	 provided	 by	 Synthomer	 has	 also	 been	 tested.	 It	 is	 a	manufactured	 glove	and	the	exact	details	of	the	manufacturing	process,	including	additives	used,	are	unknown	to	us.		2.9	Surface	Tension	Analysis	Surface	tension	measurements	were	conducted	on	leach	water	samples	in	order	to	 determine	 the	 presence	 of	 surface-active	 chemicals	 (e.g.	 SDBS)	 in	 the	 leach	water.	As	the	leach	water	samples	were	only	6	ml	in	volume,	plate	tensiometry	methods	were	unsuitable	to	use.	The	pendant	drop	method	was	chosen	to	use	as	it	only	require	a	very	small	amount	of	 liquid	(around	1	ml)	and	the	liquid	used	could	 be	 recovered	 for	 other	 tests.	 An	 FTA	 100	 Drop	 Shape	 Analyser	(manufactured	 and	 sold	 by	 First	 Ten	 Ångstroms)	 was	 used	 to	 perform	 these	experiments.	In	 a	pendant	drop	 test,	 the	 sample	 liquid	 is	pumped	 into	a	 chamber	 through	a	needle.	It	is	then	pumped	out	slowly	until	a	droplet	is	suspended	from	the	tip	of	
	 33	
the	 needle.	 Using	 a	 camera,	 a	 photograph	 is	 taken	 of	 the	 droplet.	 Software	calculates	the	surface	tension	of	the	liquid	based	on	the	shape	of	the	droplet	and	the	density	of	the	liquid.		The	 surface	 tension	 is	 calculated	 by	 relating	 the	 gravitational	 force	 on	 the	droplet	to	the	surface	tension	keeping	the	droplet	 from	falling	from	the	needle.	The	volume	of	the	droplet	is	calculated	from	the	photograph.	Equation	5	is	used	to	find	the	surface	tension,	γ.	 𝑚𝑔 = 𝜋𝐷𝛾 sin𝛼	 (Eq.	2.3)	where g is	gravitational	acceleration,	D	is	the	diameter	of	the	needle,	and	γ	is	the	interfacial	 tension.	α	 is	 the	 contact	 angle	 between	 the	 needle	 and	 the	 droplet,	found	from	the	photograph.	The	software	will	calculate	the	volume	of	the	droplet	and	that,	along	with	an	inputted	density	of	the	test	liquid,	allows	the	mass,	m,	to	be	calculated.	In	 addition	 to	 leach	 water	 samples,	 known	 concentrations	 of	 SDBS	 were	analysed.	 The	 critical	 micelle	 concentration	 (CMC)	 and	 the	 minimum	 surface	tension	of	an	SDBS	solution	were	 found	by	plotting	 the	surface	 tension	against	surfactant	concentration.	2.10	Secondary	Ion	Mass	Spectrometry	Secondary	Ion	Mass	Spectrometry	(SIMS)	 is	used	to	analyse	the	composition	of	the	surface	of	a	material.	It	involves	bombarding	a	sample	in	a	vacuum	chamber	with	 an	 ion	 beam	 of	 very	 heavy	 ions.	 The	 resulting	 collision	 with	 a	 molecule	ejects	molecular	fragments	from	the	surface	of	the	sample.		Time-of-flight	 (TOF)	 SIMS	 was	 used	 in	 this	 experiment.	 In	 this	 method,	 the	emitted	ions	are	accelerated	by	a	known	electric	 field.	This	gives	all	of	 ions	the	same	kinetic	energy	and	allows	the	mass	of	the	ions	to	be	determined	by	the	time	it	 takes	 for	 them	to	reach	the	detector,	because	they	travel	with	a	velocity	 that	depends	 on	 their	 mass.	 Only	 positive	 or	 negative	 ions	 may	 be	 studied	 at	 any	particular	 time,	 depending	 on	 the	 direction	 of	 the	 electric	 field,	 and	 non-ionic	fragments	cannot	be	studied	at	all.		Samples	were	deposited	 onto	 the	 silicon	oxide	 surface	 of	 (100)	 silicon	wafers;	this	is	because	silicon	oxide	is	very	pure	and	will	minimize	contamination	of	the	sample.	 Samples	 of	 coagulant-dipped	 latex	 films	 before	 and	 after	 rinsing	 or	leaching,	 leach	 water	 from	 the	 UV-Spectroscopy	 experiments,	 and	 a	 reference	sample	 of	 SDBS	 were	 analysed.	 Prior	 to	 depositing	 samples,	 the	 wafers	 were	cleaned	 by	 submerging	 in	 a	 beaker	 of	 acetone	 and	 sonicating	 for	 5	 minutes.	Following	that,	the	wafers	were	removed	from	the	acetone	with	tweezers,	dried	with	nitrogen	gas,	and	then	placed	in	a	UV-Ozone	cleaner	(Bioforce)	for	a	further	five	minutes.	2.11	Particle	Size	Analysis	Particle	size	measurements	were	performed	using	a	Nanosight	particle	tracking	apparatus.	The	Nanosight	consists	of	a	sample	cell	into	which	a	dilute	dispersion	of	 nanoparticles	 is	 injected.	 A	 laser	 is	 shone	 through	 the	 sample	 cell	 and	 light	
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scatters	off	of	the	individual	particles	in	the	liquid.	Using	a	camera	attached	to	an	optical	microscope	a	 video	of	 the	 scattered	 light	 can	be	 recorded.	The	video	 is	analysed	 in	 the	 ‘Nanoparticle	 Tracking	 Analysis’	 software	where	 the	 scattered	light	from	particles	is	tracked	and	the	particle	size	of	each	particle	is	calculated	from	a	direct	measurement	of	the	Brownian	diffusion	coefficient	and	the	use	of	the	Stokes-Einstein	diffusion	coefficient.		Nanosight	was	chosen	over	conventional	dynamic	light	scattering	techniques	as	it	measures	individual	particles	sizes	to	determine	an	accurate	distribution	of	the	particle	 sizes	 in	 the	 liquid.	 This	 will	 be	 particularly	 important	 in	 future	experiments	 when	 studying	 bi-modal	 and	 tri-modal	 dispersions	 when	attempting	to	measure	coagulation.	Initially,	 tests	 were	 performed	 to	 find	 a	 suitable	 concentration	 of	 latex	 in	 DI	water	to	obtain	a	good	statistical	measurement	of	the	particle	size	distribution.	If	the	 concentration	 is	 too	 high,	 then	 there	will	 be	 too	much	 light	 scattering	 and	particles	will	not	be	picked	up	by	 the	software.	 If	 the	concentration	 is	 too	 low,	then	 there	will	not	be	enough	particles	 tracked	 in	 the	video.	The	 target	was	 to	have	over	200	tracks	recorded	from	a	90	second	video.	After	 experiments	 were	 performed	 to	 attempt	 to	 measure	 coagulation	 rates	when	 the	 latex	 is	diluted	with	a	salt	 solution	rather	 than	DI	water.	 In	 this	case	sodium	chloride	was	used	as	the	salt.	90	second	videos	were	taken	of	a	sample	with	300	second	breaks	in	between	measurements	over	a	period	of	90	minutes.	The	 particle	 size	 distribution	 was	 studied	 for	 each	 video;	 if	 coagulation	 was	taking	 place	 then	 a	 peak	 should	 be	 seen	 emerging	 at	 around	 290	 nm	(approximately	twice	the	size	of	a	single	latex	particle).	Salt	concentrations	of	50	and	65	nano-moles	were	used	to	dilute	the	latex	dispersion.		2.12	References	1.	 Lei,	C.H.,	Ouzineb,	K.,	Dupont,	O.,	Keddie,	J.L.,	Probing	particle	structure	in	
waterborne	pressure-sensitive	adhesives	with	atomic	force	microscopy.	Journal	of	Colloid	and	Interface	Science,	2007.	307(1),	p.	56-63	1.	 Geng,	J.,	Johnson,	B.F.G.,	Wheatley,	A.E.H.,	Luo,	J.K.,	Spectroscopic	route	to	
monitoring	individual	surfactant	ions	and	micelles	in	aqueous	solution:	A	
case	study.	Central	European	Journal	of	Chemistry,	2014.	12(3),	p.	307-311		 	
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Chapter	3			Coalescence	and	Crystallisation	in	Blended	Poly(chloroprene)	Films		Chapter	three	describes	research	exploring	the	competition	between	coalescence	and	crystallisation	during	the	film	formation	of	semi-crystalline	polymers	and	in	blends	 of	 semi-crystalline	 and	 non-crystalline	 polymers.	 In	 Chapter	 one,	 two	scenarios	 have	 been	 described;	 in	 scenario	 one	 crystallisation	 is	 quicker	 than	coalescence	 resulting	 in	 a	 film	 with	 distinct	 particle	 boundaries	 and	 poor	cohesive	 strength.	 In	 scenario	 two,	 coalescence	 is	 quicker	 than	 crystallisation	resulting	in	a	film	with	no	particle	boundaries	and	greater	cohesive	strength.		This	 race	 between	 crystallisation	 and	 coalescence	 has	 been	 studied	 using	waterborne	 colloidal	 poly(chloroprene);	 film	 formation	 conditions	 have	 been	altered	 in	order	to	change	the	rate	of	crystallisation	during	film	formation.	The	effects	of	film	formation	conditions	on	the	mechanical	properties	of	the	resulting	films	 have	 been	 used	 to	 determine	which	 scenario	 of	 film	 formation	 has	 been	followed.		Additionally,	 the	 effects	 on	mechanical	 properties	 of	 heating	 dried	 films	 above	the	crystal	melting	temperature	has	been	explored.	This	heat	treatment	process	was	chosen	in	order	to	attempt	to	swap	between	scenario	one	and	scenario	two	after	the	film	formation	process.			3.1	Materials	and	Methods		Two	 formulations	 of	 poly(chloroprene)	 were	 provided	 by	 Synthomer	 UK	 Ltd.	Initial	 tests	 were	 performed	 to	 characterize	 the	 materials	 including,	 dynamic	light	 scattering	 (DLS),	 Soxhlet	 gel	 extraction,	 and	 differential	 scanning	calorimetry	(DSC).	For	use	in	this	thesis,	the	two	formulations	will	be	referred	to	according	 to	 their	 gel	 content,	 PC53	 and	PC94.	A	 summary	 of	 some	of	 the	 key	properties	of	these	two	materials	can	be	found	in	Table	3.1.		Table	 3.1.	 	 Summary	 of	 the	 Characteristics	 of	 the	 two	 Poly(chloroprene)	formulations.	
Material	Property	 PC53	 PC94	Particle	Size	(nm)	 125	 174	Polydispersity	index	 0.086	 0.072	Solids	Content	(wt	%)	 55	 58	Gel	Content	(%)	 53	 94	Tg	mid-point	(°C)	 -42	 -42	Tm	(°C)	 28	 N/A			
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	3.1.1	PC53		Synthomer	characterize	PC53	as	having	a	 ‘very	strong	crystallisation	 tendency’	and	a	solids	content	of	55	wt	%.			NMR	spectroscopy	has	been	performed	on	PC53	using	deuterated-chloroform	as	a	 solvent.	 Analysis	 of	 the	 results	was	 performed	using	 the	method	detailed	 by	Makhiyanov[1]	 found	that	91.4%	of	the	non-crosslinked	molecules	consisted	of	the	1,3	trans	isomer,	which	is	the	isomer	that	is	most	able	to	crystallize[2].	The	remaining	polymer	was	 found	to	be	made	up	of	5.2%	1,3	cis	 isomer,	and	3.3%	with	the	1,2	isomer.	The	NMR	spectra	and	details	of	the	analysis	method	can	be	found	in	Appendix	1.		3.1.2	PC94		Synthomer	characterize	PC94	as	having	‘very	little	tendency	to	crystallize’	and	a	solids	content	of	58	wt	%.			NMR	 spectroscopy	 was	 attempted	 on	 PC94,	 however	 there	 was	 not	 enough	dissolved	 polymer	 to	 get	 a	 clear	 spectrum.	 The	 gel	 content	 found	 in	 Table	 3.1	shows	 that	 PC94	 is	 densely	 cross-linked,	 explaining	 the	 issue	 with	 NMR.	 This	dense	 cross-linking	 is	 responsible	 for	 the	 lack	of	 crystallinity	as	 chains	are	not	free	to	re-orient	and	align.			3.1.3	Preparation	of	Blends		Wet	colloidal	dispersion	of	PC53	and	PC94	were	blended	by	slow	addition	under	stirring	by	magnetic	stirrer.	The	blends	were	stirred	for	10	minutes	and	allowed	to	rest	overnight	prior	to	use.	Prior	to	casting	films,	the	latex	blends	were	stirred	for	10	minutes.	Blends	were	made	with	volume	ratios	of	wet	latex	of	3:1,	1:1	and	1:3.		3.2	Non	Strain-Induced	Crystallinity		The	 as-cast	 crystallinity	 of	 PC53	 and	 PC94	 and	 the	 effects	 of	 blending	 on	crystallinity	have	been	studied	using	a	variety	of	techniques.	WAXS	and	DSC	has	been	 used	 to	 study	 the	 level	 of	 crystallinity	 and	 the	 rate	 of	 re-crystallisation.	Optical	microscopy	and	AFM	have	been	used	to	observe	the	morphology	of	 the	crystallites	within	the	film	and	on	the	surface.									
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	3.2.1	Wide	Angle	X-Ray	Scattering		
		Figure	3.1.	An	X-ray	diffractogram	of	as-cast	PC53	between	2θ	values	of	10°	and	70°.			An	 initial	 x-ray	 diffractogram	 of	 as-cast	 PC53	 is	 shown	 in	 Figure	 3.1.	 There	 is	good	 agreement	 with	 reference	 peaks	 found	 in	 the	 literature[3].	 Additional	peaks	are	observed	above	40°	and	are	attributed	to	diffractions	originating	from	the	 sample	 holder.	 As	 a	 result,	 further	 experiments	 have	 been	 performed	between	2θ	values	of	10°	and	40°	with	a	scan	rate	of	0.25°	/	min.					
(120)	
(210)	(220)	
(211)	
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	Figure	3.2.	X-ray	diffractograms	of	as-cast	PC53(a)	and	PC94(b)	between	2θ	values	of	10°	and	40°.		Figure	3.2	shows	X-ray	diffractograms	 from	as-cast	samples	of	PC53	and	PC94.	PC94	 (Figure	3.2(b))	 appears	 completely	amorphous.	This	 is	well	 explained	by	the	high	level	of	cross-linking	preventing	chains	from	aligning	into	a	crystalline	structure	 as	 reported	 previously	 in	 the	 literature[2].	 An	 amorphous	 halo	 is	clearly	visible	in	PC53	(Figure	3.2(a)),	suggesting	that	the	sample	is	only	partially	crystalline.	Diffractions	from	three	planes	can	be	observed	in	Figure	3.2(a).				
(a)	 (b)	
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	Figure	3.3.	WAXS	diffractograms	of	PC53	before	and	after	heating	at	65	°C	for	30	min.	Diffractograms	are	offset	by	arbitrary	amounts	to	allow	for	clearer	viewing.			Table	 3.2.	 Summary	 of	 the	 areas	 of	 the	 characteristic	 WAXS	 peaks	 of	poly(chloroprene)	found	in	PC53	before	and	after	heating	at	65	°C	for	30	min.	
Sample	
Peak	Area	(counts	*	2θ,	°)	
(120)	 (210)	 (220)	 (211)	As-Cast	 164.4	 32.2	 25.2	 15.3	30	min.	after	heating	 35.8	 17.2	 10.2	 10.1	1	day	after	heating	 99.1	 37	 24.2	 8.3		Further	 experiments	 have	 been	 performed	 to	 investigate	 the	 re-crystallisation	behavior	of	PC53	after	the	sample	has	been	placed	in	an	oven	at	65	°C	for	30	min.	WAXS	experiments	were	performed	30	minutes	and	one	day	after	heating	and	cooling	 to	 room	 temperature,	 a	 comparison	 of	 the	 diffractograms	 shown	 in	Figure	 3.3.	 Each	 scan	 required	 two	 hours	 to	 complete.	 Thus,	 a	 sample	 could	crystallise	 during	 the	measurements.	WAXS	using	 the	 facilities	 available	 to	me	was	 found	 to	 be	 a	 poor	 method	 for	 investigating	 the	 early	 stages	 of	 re-crystallisation	due	to	the	long	measurement	times	required.			30	minutes	 after	 heating	 the	 intensity	 of	 all	 peaks	 is	 reduced	 and	 the	weaker	(220)	 and	 (211)	 peaks	 are	 hard	 to	 differentiate	 from	 the	 background	 counts.	
As-Cast	30	min.	after	heating	1	day	after	heating	
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After	one	day,	the	peak	intensities	have	returned	to	a	similar	level	as	those	found	in	the	as-cast	sample.	Peak	intensities	can	be	used	to	gauge	the	relative	levels	of	crystallinity	 between	 the	 samples,	 a	 summary	 of	 the	 peak	 intensities	 can	 be	found	 in	 Table	 3.2.	 From	 these	 experiments	 I	 can	 conclude	 that	 some	 re-crystallization	does	take	place	within	two	and	a	half	hours.	After	one	day	further	recrystallization	 has	 occurred,	 some	 peaks	 have	 recovered	 to	 the	 as-cast	 level	((210)	and	(220))	whilst	others	have	not	((120)	and	(211)).		3.2.2	Differential	Scanning	Calorimetry		
	Figure	3.4.	Representative	heat-cool-heat	DSC	traces	for	PC53.	Initial	heating	(a)	cycle,	cooling	cycle	and	second	heating	cycle	(c).		Preliminary	heat-cool-heat	 (HCH)	 experiments	were	performed	on	PC53,	PC94	and	their	blends.	Figure	3.4	shows	a	representative	set	of	HCH	curves	for	PC53.	The	glass	 transition	temperature	 is	observable	at	 -42	°C	 in	both	heating	cycles.	There	 is	 a	 crystal	 melting	 peak	 in	 the	 initial	 heating	 cycle	 (Figure	 3.4(a))	beginning	at	~30	°C	and	ending	at	~45	°C.	No	crystal	formation	peak	is	seen	in	the	 cool	 cycle	 (Figure	 3.4(b)).	 However,	 after	 the	 sample	 is	 heated	 above	 the	glass	transition	during	the	second	heating	cycle	(Figure	3.4(c))	crystal	formation	can	be	seen	as	a	peak	in	the	heat	flow	around	10	°C.	As	a	result	a	small	crystal-melting	peak	is	also	observed	in	the	second	heating	cycle.		
(a)	
(c)	
(b)	Tg	
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	Figure	3.5.	Crystalline	content	as	a	function	of	PC53	content	for	as	cast	samples.		The	percentage	crystallinity	of	the	sample	can	be	estimated	using	the	latent	heat	of	 fusion	of	 poly(chloroprene)	which	has	 been	 reported	 to	 be	95	 J/g	 be	 in	 the	literature[4].	Dividing	the	heat	of	melting	of	the	crystalline	melting	peak	by	this	value	gives	an	estimate	of	 the	volume	 fraction	of	 crystallinity	 in	 the	sample.	 In	Figure	3.5	the	estimated	crystallinity	of	 the	different	samples	 is	plotted	against	the	PC53	volume	content	of	the	samples.	There	is	a	linear	relationship	between	PC53	volume	content	and	percentage	crystallinity.	As	a	result	we	can	assert	that	the	 presence	 of	 the	 non-crystallizing	 PC94	 neither	 hinders,	 nor	 encourages,	crystallization	in	the	PC53	phase.	
	Figure	 3.6.	 Time	 dependence	 of	 the	 re-crystallisation	 of	 PC53	 and	 PC53:PC94	blends.	SK	(!),	3:1	blend	(!),	1:1	blend	(")	and	1:3	blend	(!).		DSC	has	also	been	used	to	study	the	re-crystallization	behavior	of	PC53	and	the	PC53:PC94	blends.	Samples	were	heated	above	the	crystal	melting	temperature	to	65	°C	and	held	for	30	minutes.	The	samples	were	then	cooled	to	22	°C	and	held	for	 varying	 lengths	 of	 time,	 between	3	minutes	 and	24	hours,	 to	 re-crystallize.	Finally,	the	samples	were	heated	back	to	65	°C	and	the	heat	of	the	melting	peak	in	 this	 step	 was	 used	 to	 quantify	 the	 degree	 of	 crystallization	 that	 has	 taken	
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place.		This	short	re-heating	stage	allows	measurements	to	be	taken	over	a	much	shorter	timescale	than	WAXS.			Figure	3.6	shows	that	the	pure	PC53	begins	to	re-crystallize	3	min.	after	cooling	to	 22	 °C.	 The	 degree	 of	 crystallisation	 increases	 over	 time	 until	 it	 reaches	 a	maximum	value	of	17%	after	2	hours.	However,	 in	 the	blends	 longer	 induction	times	are	observed.	The	induction	of	the	blends	increases	with	increasing	PC94	content.	After	one	day,	the	degree	of	crystallinity	in	the	PC53	phase	had	returned	to	the	same	levels	as	found	prior	to	melting,	for	all	samples.			We	propose	that	this	increasing	induction	time	is	due	to	the	reduced	domain	size	of	 PC53	 as	 the	 PC94	 content	 increases.	 As	 a	 result,	 the	 chance	 of	 a	 crystallite	forming	 of	 the	 critical	 nucleus	 size	 is	 less	 likely.	 Alig	 et	 al.[1]	 estimated	 the	critical	nucleus	size	in	poly(chloroprene)	to	be	45	nm,	which	is	less	than	the	size	of	an	individual	particle.	However,	it	was	mentioned	that	the	critical	nucleus	size	is	usually	underestimated	in	polymers[1].	After	enough	time	has	passed	crystals	will	have	nucleated	in	the	small	domains	and	crystallinity	will	return	to	the	pre-heating	level.		The	effect	of	under-cooling	on	the	rate	of	re-crystallization	has	also	been	studied.	In	these	experiments	the	temperature	of	the	isothermal	hold	has	been	varied	for	PC53	samples.	A	hold	time	of	one	hour	was	used	for	all	experiments.	The	results,	presented	in	Table	3.3,	reveal	that	decreasing	the	temperature	of	the	isothermal	hold	 increases	 the	 rate	 of	 crystallisation	 in	 PC53.	 This	 is	 an	 expected	 effect	 of	undercooling,	 although	 as	 the	 undercooling	 temperature	 approaches	 the	 glass	transition	 the	 rate	 of	 crystallisation	will	 slow	until	 it	 reaches	 zero	 at	 the	 glass	transition	and	below.			Table	3.3.	Summary	of	the	effects	of	varying	the	isothermal	hold	temperature	on	the	degree	of	re-crystallization	in	PC53.	Temperature	of	hold	(°C)	 Heat	 of	 Crystal	 Melting	(J/g)	 Estimated	Percent	Crystallisation	(%)	5	 19.6	 20.6	15	 14.0	 14.7	25	 9.0	 9.5													
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3.2.3	Optical	Microscopy		
	Figure	3.7.	Optical	microscopy	images	of	as-cast	films	of	PC53	(a)	and	PC94	(b)	taken	under	cross-polarisers.			The	 morphology	 of	 crystallites	 found	 in	 poly(chloroprene)	 have	 been	 studied	using	 optical	 microscopy	 under	 crossed-polarisers.	 Figure	 3.8	 shows	 as-cast	films	of	PC53	and	PC94.	Spherulitic	crystallites	on	the	order	of	10	μm	can	be	seen	near	 the	 edge	 of	 the	PC53	 film	 (Figure	3.7a).	 As	 the	 film	 thickens	 towards	 the	centre	of	the	sample,	the	film	appears	bright	although	no	individual	crystallites	can	be	observed.	One	explanation	is	that	crystallites	are	‘layered’	on	top	of	each	other	in	the	thicker	areas	of	film	obscuring	any	individual	crystallite	from	being	observed.		As	expected,	there	is	no	evidence	of	crystallinity	in	the	as-cast	PC94	film	(Figure	3.7b).	 Some	 features	are	observable	 in	 the	 film,	however	 they	 show	no	change	when	the	cross-polarisers	are	rotated	or	removed,	which	indicates	they	are	non-crystalline.			
	Figure	3.8.	Optical	microscopy	 images	of	as-cast	samples	of	PC53	(a)	and	a	1:1	PC53:PC94	blend	(b)	both	taken	under	cross-polarisers.		Figure	3.8	shows	a	comparison	of	optical	microscopy	images	of	PC53	and	a	1:1	PC53:PC94	blend.	 Spherulitic	 crystallites	 can	be	observed	 in	 the	1:1	blend	and	are	 on	 the	 order	 of	 10	μm	 in	diameter.	 The	 spherulites	 can	be	 seen	 further	 in	
(b)	(a)		
(a)		 (b)		
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towards	 the	 centre	 of	 the	 film	 than	 in	 the	 PC53	 film.	 The	 lower	 levels	 of	crystallinity	in	the	1:1	blend	allow	crystallites	to	be	observed	in	thicker	regions	of	 the	 film,	as	crystallites	do	not	become	 layered	on	top	of	each	other	until	 the	film	is	thicker	compared	to	in	the	pure	PC53	blend.			
	
	Figure	 3.9.	 Optical	microscopy	 images	 of	 PC53	 at	 different	 times	 after	melting	and	 cooling	 taken	 under	 cross-polarisers:	 as-cast(a),	 immediately	 after	heating(b),	one	day	after	heating	(c)	and	one	week	after	heating	(d).			Optical	microscopy	images	of	PC53	were	taken	immediately	after	heating	at	65	°C	for	30	min.	(Figure	3.9(b))	show	that	all	crystallinity	has	been	removed	from	the	sample	and	the	film	has	a	similar	contrast	to	the	glass	slide.	Over	the	course	of	 one	 day,	 the	 crystallinity	 has	 returned	 to	 the	 film	 (Figure	 3.9(c)).	 The	crystallites	 observed	 in	 this	 sample	 are	 smaller	 than	 those	observed	 in	 the	 as-cast	sample.	Additionally,	a	thin	region	around	the	edge	of	the	sample	appears	to	be	completely	amorphous.			One	 week	 after	 heating	 (Figure	 3.9(d)),	 there	 is	 a	 thinner	 amorphous	 band	around	 the	 edge	 of	 the	 film	whilst	 the	 size	 of	 the	 crystallites	 remains	 smaller	than	those	seen	in	the	as-cast	film.	We	attribute	the	reduction	in	crystallite	size	to	an	increase	in	nucleation	sites	in	a	film	that	is	well	interdiffused	and	not	still	undergoing	the	drying	and	coalescence	process.					
(a)	
(d)	(c)	
(b)	
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3.2.4	Atomic	Force	Microscopy	(AFM)		AFM	has	been	used	to	investigate	the	surface	morphology	of	poly(chloroprene)	films.	AFM	allows	much	smaller	features	to	be	resolved	than	optical	microscopy	and	can	provide	us	with	information	on	the	extent	of	particle	coalescence.				
	 	
	 	 	Figure	3.10.	AFM	images	of	as-cast	samples	of	PC53	(a),	1:1	blend	(b),	1:3	blend	(c)	 and	PC94	 (d).	All	 images	areas	 are	2	μm	×	2	μm.	Height	 images	are	on	 the	right	and	phase	images	on	the	left	for	each.			As-cast	samples	of	poly(chloroprene)	films	were	imaged	using	AFM	over	areas	of	2	μm	×	2	μm.	The	PC53	film	(Figure	3.10(a))	appears	to	be	semi-coalesced;	some	distinct	particles,	on	the	order	of	100	nm	can	be	seen	particularly	in	the	bottom	centre	of	the	image.	There	is	a	phase	change	of	around	70°	between	the	darkest	and	 lightest	 areas	 of	 the	 phase	 image,	 suggesting	 there	 is	 a	 hard	 crystalline	phase,	and	a	soft	amorphous	phase	present	in	the	material.			No	individual	particles	are	visible	in	the	PC94	film	(Figure	3.10(d)).	In	the	phase	images	 there	 is	 a	 phase	 difference	 of	 around	 5°	 between	 the	 brightest	 and	darkest	regions.	PC94	is	a	well-coalesced	film,	amorphous	film.										
(a)	 (b)	
(c)	 (d)	
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	 	Figure	3.11.	AFM	images	of	PC53	in	two	different	states:	as-cast	(a);	one	week	after	heating	(b);	and	in	1:1	blends	of	PC53	and	PC94	in	two	states:	as-cast	(c);	one	week	after	heating	(d).	All	image	areas	are	2	µm	×	2	µm.	The	height	images	are	on	the	left,	and	the	phase	images	are	on	the	right	for	each	pair	of	images.		AFM	 imaging	 of	 an	 as-cast	 PC53	 film	 (Figure	 3.11(a))	 shows	 thin	 needle-like	structures	 (with	 widths	 between	 20	 nm	 and	 30	 nm),	 which	 we	 interpret	 as	lamellar	 crystallites.	 After	 one	 week	 of	 re-crystallisation,	 a	 much	 different	structure	 is	 observed	 (Figure	 3.11(b));	 raised	 faceted	 regions	 ranging	 in	 size	between	100	nm	and	400	nm	can	be	 seen	as	 contrast	 in	 the	phase	 image.	The	phase	image	shows	regions	with	differing	amounts	of	energy	dissipation,	which	is	 related	 to	 the	 viscoelasticity	 of	 the	 surface.	 The	 new	 faceted	 regions	 are	greater	than	the	size	of	an	individual	particle.	We	interpret	these	results	to	show	that	nano-crystallites	have	formed	across	multiple	particles.			The	same	experiment	was	performed	on	films	of	a	1:1	blend	of	PC53	and	PC94.	The	 as-cast	 film	 shows	 no	 obvious	 signs	 of	 crystallinity	 (Figure	 3.11(c)).	However,	 one	 week	 after	 annealing	 raised	 faceted	 structures	 ranging	 in	 size	between	200	nm	and	400	nm	are	observed	(Figure	3.11(d)),	much	like	in	Figure	3.12(b).	We	 interpret	 these	 results	 to	 show	 that	 nano-crystallites	 have	 formed	across	multiple	particles	and	are	surrounded	by	an	amorphous	phase.		3.3	Mechanical	Properties		The	 mechanical	 properties	 of	 PC53	 and	 PC94	 and	 their	 blends	 have	 been	investigated.	The	effects	of	heating	above	the	crystal	melting	temperature	have	been	 have	 been	 a	 key	 area	 of	 study.	 Techniques	 used	 include,	 large	 strain	deformation	 and	 Dynamic	 Mechanical	 Analysis	 (DMA)	 to	 study	 mechanical	properties.	 Additionally,	 X-ray	 scattering	 has	 been	 performed	 on	 films	 under	strain	to	investigate	strain-induced	crystallisation	in	poly(chloroprene).						
(a)	
(b)	
(c)	
(d)	
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3.3.1	Large	Strain	Deformation		
	Figure	3.12.	Representative	stress-strain	curves	of	as-cast	PC53	(a)	and	PC94	(b)	(both	 in	 blue)	 compared	 to	 rubber	 elasticity	 curves	 (red)	 generated	 using	 the	Young’s	modulus	of	the	respective	materials.	Data	for	 low	extensions	ratios	are	shown	inset.			The	 stress-strain	 curves	 of	 as-cast	 PC53	 and	 PC94	 have	 been	 compared	 to	expected	 curves	 for	 a	 purely	 elastic	 rubber	 generated	 using	 rubber	 elasticity	theory	and	the	Young’s	modulus	of	the	respective	materials.	The	expected	curves	have	been	generated	using	Flory’s	equation	of	rubber	elasticity	given	in	Chapter	1.		For	PC53	 (Figure	3.12(a))	 there	 is	no	agreement	with	 rubber	 elasticity	 theory,	even	 over	 the	 first	 10%	 elongation	 the	 curves	 look	 significantly	 different.	 The	lack	of	agreement	arises	from	the	inelastic	crystallites	present	in	the	material.			PC94	(Figure	3.12(b))	follows	rubber	elasticity	theory	initially	over	the	first	25%	elongation,	however	over	longer	elongations	it	also	deviates	from	the	predicted	curve	of	a	perfect	rubber.	Over	small	deformations,	the	material	behaves	like	an	ideal	rubber	as	the	chains	segments	between	cross-links	stretch.	At	intermediate	strains,	stress	relaxation	is	observed	as	chains	segments	flow	to	spread	the	strain	evenly	 over	 the	material.	 Once	 the	 chain	 segments	 become	 fully	 elongated	 the	results	 for	 PC94	 diverge	 from	 the	 rubber	 elasticity	 prediction	 due	 to	 the	presence	of	inelastic	crosslinks.			
0	
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	Figure	 3.13.	 Representative	Mooney-Rivlin	 plots	 of	 as-cast	 PC53	 (a)	 and	 PC94	(b).		Mooney-Rivlin	 plots	 are	 an	 alternative	 way	 to	 show	 stress-strain	 data	 that	particularly	highlights	if	there	is	strain	hardening	in	the	sample.	The	theory	and	derivation	 of	 the	 Mooney-Rivlin	 equations	 is	 presented	 in	 Chapter	 1.	 Strain	hardening	 is	observed	as	 a	 increase	 in	 the	Mooney	 stress	when	 lower	Mooney	strains	 are	 approached.	 This	 is	 clearly	 evident	 in	 PC94	 (Figure	 3.13(b))	 and	 is	due	to	the	dense	cross-linking	in	the	sample.	By	comparison,	no	strain	hardening	is	observed	in	PC53	(Figure	3.13(a)),	which	has	a	lower	crosslink	density	(seen	through	the	lower	gel	content).		
	Figure	3.14.	Representative	stress	strain	curves	of	PC53	formed	under	different	film-forming	 conditions.	 One	 as-cast	 sample	 dried	 for	 one	 week	 at	 room	temperature	(blue,	scenario	1),	a	sample	dried	for	24	hours	at	50	°C	(above	Tm)	then	tested	after	resting	at	room	temperature	for	one	day	(red,	scenario	2)	and	one	sample	cast	and	dried	at	room	temperature	then	tested	one	day	after	holding	the	sample	at	65	°C	for	30	minutes	(purple,	scenario	1->2).		In	 order	 to	 investigate	 the	 two	 scenarios	 of	 film	 formation	 proposed	 in	 the	Chapter	1,	stress-strain	analysis	has	been	formed	on	PC53	samples	formed	under	different	film-forming	conditions.	When	film	forming	at	50	°C,	above	the	crystal	
(a)	 (b)	
Scenario	1	
Scenario	2	
Scenario	1->2	
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melting	 temperature	 found	 using	 DSC,	 Scenario	 2	 of	 film	 formation	 of	 a	 semi-crystalline	 polymer	 will	 be	 followed;	 in	 which	 coalescence	 occurs	 in	 the	 film	prior	to	crystallisation	which	is	expected	to	result	in	a	strong	cohesive	film.	The	film	was	held	at	room	temperature	for	one	day	after	film	formation	in	order	to	give	the	film	enough	time	to	crystallize.			When	comparing	this	stress-strain	behavior	of	a	film	formed	at	50	°C	to	that	of	a	film	formed	at	room	temperature,	an	increase	of	over	50%	is	seen	in	the	strain	at	failure.	This	suggests	a	large	increase	in	the	cohesiveness	of	the	film	as	a	result	of	improved	coalescence.	A	film	formed	at	room	temperature	is	expected	to	follow	Scenario	 1	 of	 film	 formation	 of	 a	 semi-crystalline	 polymer;	 in	 which	crystallisation	occurs	much	faster	than	coalescence	resulting	in	a	film	with	well-defined	particle	boundaries	that	lacks	cohesive	strength.		Finally,	 an	 experiment	was	 conducted	 to	 attempt	 to	 take	 a	 film	 formed	 under	Scenario	1	and	end	up	with	a	film	with	properties	matching	that	of	a	film	formed	under	Scenario	2	of	film	formation	of	a	semi-crystalline	polymer	film.	To	do	this	a	film	was	dried	at	room	temperature	for	1	week	before	being	heated	to	65	°C	for	30	minutes,	 the	sample	was	then	returned	to	room	temperature	and	held	their	for	one	day	prior	to	testing.			When	 this	experiment	was	performed	an	even	greater	 increase	 in	 the	strain	at	failure	was	observed,	an	increase	of	over	150%	over	the	Scenario	1	sample.	This	additional	 increase	 in	 the	 strain	 at	 failure	 when	 compared	 to	 the	 Scenario	 2	experiment	may	be	 due	 to	 the	 increased	heating	 temperature	 used.	 65	 °C	was	not	a	suitable	temperature	for	film	formation	as	it	resulted	in	the	film	becoming	stuck	to	 the	bottom	of	 the	mould;	attempts	 to	 the	remove	the	sample	 from	the	mould	resulted	in	visible	deformation	of	the	sample.			These	 results	 have	 confirmed	 the	 two	 scenarios	 of	 film	 formation	 detailed	 in	Chapter	 One.	 Additionally,	 it	 has	 been	 shown	 that	 it	 is	 possible	 to	 swap	 from	Scenario	 1	 to	 Scenario	 2	 after	 film	 formation	 has	 taken	 place	 using	 a	 simple	heating	process	that	could	be	undertaken	during	the	manufacturing	of	a	polymer	product.	 This	 transition	 is	 of	 greater	 interest	 in	 an	 industrial	 application	 and	allows	for	a	greater	scope	of	research.	As	a	result	further	work	will	focus	on	the	Scenario	1	to	Scenario	2	transition	in	blended	poly(chloroprene)	films.			
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	Figure	3.15.	Representative	 large-strain	data	 from	PC53	(a)	and	PC94	 (b)	after	various	 times	 and	 treatments:	 as-cast	 (!),	 30	min.	 after	 heating	 ("),	 one	 day	after	heating	(!),	and	one	week	after	heating	(!).	Data	for	the	low-strain	region	are	shown	in	the	inset.		Representative	 stress-strain	 curves	 for	 PC53	 samples	 strained	 until	 failure	 are	shown	 in	 Figure	 3.15(a).	 These	 samples	were	 heated	 to	 65	 °C	 and	held	 for	 30	minutes	before	being	returned	to	room	temperature	and	held	there	for	different	times	prior	to	testing.	That	is,	the	process	follows	scenario	1	to	2.			After	30	min.	of	recrystallization,	we	see	a	sharp	drop	in	the	modulus	of	the	film	as	compared	to	the	as-cast	sample,	but	there	is	greater	extension	before	failure.	The	shape	of	 the	curve	 is	 typical	 for	an	elastomer.	According	 to	 the	WAXS	and	DSC	 analysis,	 this	 result	 can	 be	 explained	 by	 the	 re-crystallization	 being	incomplete.	The	amorphous	rubbery	polymer	has	a	 lower	elastic	modulus	than	when	 it	 is	 reinforced	with	 crystals.	The	 increase	 in	 the	extension	after	melting	(and	holding	for	30	min.)	can	be	attributed	to	the	effects	of	coalescence	between	particles	building	cohesion.		A	 large	 increase	 in	 the	 strain	 at	 failure	 is	 also	 observed	 after	 recrystallization.	During	film	formation,	we	propose	that	PC53	broadly	follows	Scenario	1	of	film	formation	 for	 a	 semi-crystalline	 polymer;	 presented	 in	 the	 Chapter	 1,	 1.4.1.	Crystalline	 regions	 form	 prior	 to	 full	 particle	 coalescence,	 which	 lead	 to	weak	interfaces	between	particles	and	a	low	strain	at	failure.	Annealing	melts	away	the	crystalline	 regions	 and	 allows	 particles	 to	 become	 fully	 coalesced.	 	 Full	coalescence	results	in	stronger	interfaces	between	particles.		Longer	 re-crystallization	 times	 (one	 day	 and	 one	 week)	 result	 in	 films	 with	 a	much	 higher	 elastic	 modulus	 at	 low	 strains	 and	 a	 clearly	 defined	 yield	 point.	There	 is	 strain	 hardening	 observed	 at	 higher	 strains,	 and	 there	 is	 greater	extension	 before	 failure.	 In	 this	 case,	 there	 is	 evidence	 that	 the	 melting	 has	enabled	 particle	 coalescence	 that	 has	 built	 cohesion,	 and	 the	 re-crystallization	has	increased	the	elastic	modulus.		
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The	stress/strain	data	for	the	PC94	films	(Figure	3.15(b))	are	strikingly	different.	Upon	 heating	 of	 as-cast	 films,	 no	 significant	 change	 in	 the	 strains	 at	 failure	 is	observed.	Greater	extension	in	the	as-cast	film,	compared	to	PC53,	is	attributed	to	the	effects	of	particle	coalescence	not	hindered	by	crystallites.	There	is	also,	no	significant	effect	on	the	elastic	deformation	at	low	strains;	the	stress/strain	data	appears	similar	with	increasing	times	when	held	at	22	°C	after	heating.		
	
		Figure	3.16.	Representative	large-strain	data	for	3:1	blend	of	PC53:PC94	(a),	1:1	blend	(b)	and	1:3	blend	(c)	after	various	times	and	treatments:	as-cast	(!),	30	min.	 after	 heating	 ("),	 one	 day	 after	 heating	 (!),	 and	 one	week	 after	 heating	(!).	Data	for	the	low-strain	region	are	shown	in	the	inset.		Representative	 large-strain	 data	 is	 presented	 for	 all	 three	 of	 the	 PC53:PC94	blends	 in	 Figure	 3.16.	 The	 3:1	 blend	 (Figure	 3.16(a))	 behaves	 similarly	 to	 the	pure	PC53	over	the	heating	and	re-crystallisation	cycle.	30	minutes	after	heating	a	large	increase	in	the	strain	at	failure	is	observed	whilst	the	Young’s	modulus	is	low	as	crystallinity	has	not	returned.	Over	the	course	of	one	week	the	modulus	recovers	 to	 a	 similar	 as	 the	 as-cast	 film	whilst	 the	 increase	 in	 strain	 at	 failure	remains.			For	 the	 1:1	 blend	 (Figure	 3.16(b)),	 an	 increase	 in	 the	 strain	 at	 failure	 is	 also	observed	30	min.	after	heating.	Again,	the	Young’s	modulus	drops	after	heating,	
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but	recovers	over	the	course	of	one	week	to	a	level	similar	to	the	as-cast	sample.	In	comparison	to	the	3:1	blend	and	pure	PC53,	there	is	only	a	small	increase	in	the	stress	at	failure	after	one	week	compared	to	the	as	cast	sample.			There	is	little	change	observed	in	the	stress	and	strain	at	failure	for	the	1:3	blend	after	heating	(Figure	3.16(c)).	Like	all	of	the	sample	with	PC53	as	a	component,	a	drop	in	the	Young’s	modulus	is	observed	30	min.	after	heating	which	recovers	to	a	similar	as	the	as	cast	 film	over	the	course	of	one	week.	As	the	well-coalesced	PC94	 blend	 is	 the	 dominant	 component	 of	 the	 blend,	 a	 coherent	 network	 is	already	formed	during	film	formation	resulting	in	the	static	stress	and	strain	at	failure.		
						 		Figure	 3.17.	 Mechanical	 properties	 of	 elastomer	 films	 obtained	 from	 blending	PC53	and	PC94.	Young’s	Modulus	(a);	strain	at	failure	(b);	and	breaking	energy	(c)	 Young’s	modulus	plotted	 against	 the	heat	 of	 crystal	melting	 of	 the	 samples	found	in	DSC	experiments	(d).	Data	is	shown	for	four	times	and	treatments:	As-cast	(!),	30	min.	after	heating	("),	one	day	after	heating	(!)	and	one	week	after	heating	(!).		In	Figure	3.17	some	of	 the	key	mechanical	properties	of	 the	poly(chloroprene)	blends	 have	 been	plotted	 as	 a	 function	 of	 the	 content	 of	 PC53	 in	 the	 film.	 The	
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results	 from	 as-cast	 films	 to	 films	 that	 have	 been	 allowed	 to	 re-crystallize	 for	times	of	30	min.,	one	day	and	one	week.		In	 the	as-cast	 films,	 there	 is	some	synergy	between	the	 two	components	 in	 the	blends,	 leading	 to	 higher	 Young’s	 moduli	 (Figure	 3.17(a))	 for	 the	 3:1	 and	 1:1	blend	than	for	either	of	the	constituent	materials	(PC53	and	PC94).	Similarly,	the	breaking	 energy	 (Figure	 3.17(c))	 was	 found	 to	 be	 greater	 in	 all	 three	 as-cast	blends	in	comparison	to	the	constituent	materials.			Figure	 3.17(a)	 shows	 the	 differences	 in	 the	Young’s	modulus	 for	 samples	with	different	PC53	content	both	as	cast	and	at	three	different	recrystallization	times.	After	 30	 minutes	 of	 recrystallization	 all	 compositions	 have	 a	 similar	 Young’s	modulus	 due	 to	 the	 lack	 of	 crystallinity	 in	 the	 samples.	 After	 longer	 re-crystallization	times,	an	increase	in	the	moduli	across	the	blends	and	pure	PC53	samples	is	observed.	The	extent	of	the	increase	in	the	moduli	is	proportional	to	the	PC53	content	in	the	sample.	No	change	in	the	Young’s	modulus	is	observed	in	PC94,	which	is	expected	for	a	material	that	does	not	crystallize.			In	 figure	 3.17(b)	 the	 evolution	 of	 strain	 at	 failure	 of	 the	 poly(chloroprene)	compositions	 across	 the	 re-crystallization	 process.	 Holding	 samples	 above	 the	crystal	melting	 temperature	 for	 30	min.	 results	 in	 an	 increase	 in	 the	 strain	 at	failure	 for	 materials	 with	 at	 least	 50%	 PC53	 content.	 An	 increase	 of	approximately	50%	is	seen	after	a	30-min.	recrystallization	time	for	these	three	samples	 and	 smaller	 increases	 of	 ~25%	 are	 seen	 after	 one	 week	 of	recrystallization.		The	1:3	blend	and	PC94	samples	show	no	change	in	their	strain	at	 failure	after	being	 heated.	 This	 result	 is	 expected	 for	 PC94	 as	 there	 is	 no	 crystallinity	 to	inhibit	coalescence.	For	the	1:3	blend,	the	observed	induction	time	for	the	onset	of	 crystallinity	 is	 long	 enough	 (on	 the	 order	 of	 two	hours)	 that	 film	 formation	Scenario	2	can	be	followed	in	all	cases.	That	is,	in	the	as-cast	film,	coalescence	is	essentially	complete	prior	to	crystallization.		Differences	in	the	breaking	energy	over	the	recrystallization	process	are	shown	in	 Figure	 3.17(c)	 for	 each	 composition.	 The	 breaking	 energy	 is	 found	 by	measuring	 the	area	under	 the	 stress-strain	 curve.	As	was	 found	 in	 the	Young’s	modulus	and	strain	at	failure	data,	no	change	is	observed	in	PC94	after	heating	an	as	cast	 film.	 In	 the	other	compositions	 the	 increase	 in	 the	 integrated	area	 is	proportional	to	the	PC53	content	of	the	material.			Figure	3.17(d)	explores	 the	relationship	between	 the	Young’s	modulus	and	 the	amount	 of	 crystallinity	 in	 poly(chloroprene)	 films.	 A	 gradual	 increase	 in	 the	Young’s	modulus	is	seen	with	increasing	heat	of	crystal	melting	(proportional	to	the	total	amount	of	crystallinity).	This	result	is	explained	by	the	reinforcement	of	the	rubber	network	with	crystallites.	However,	the	Young’s	modulus	for	a	PC53	film	after	one	week	of	recrystallization	is	much	greater	than	the	values	expected	by	 this	 linear	 relationship.	 This	 result	 demonstrates	 that	 the	 modulus	 is	
	 54	
determined	not	only	by	the	volume	fraction	of	crystallinity	but	also	by	the	size	and	spatial	distribution	of	crystallites.		3.3.2	Dynamic	Mechanical	Analysis		
	Figure	 3.18.	 As-Cast	 DMA	 temperature	 sweeps	 on	 as-cast	 poly(chloroprene)	blends:	PC53	(blue);	3:1	blend	 (green);	1:1	blend	 (purple);	1:3	blend	 (orange);	PC94	(red).		As	 cast	 DMA	 temperature	 sweeps	 of	 all	 of	 the	 as-cast	 poly(chloroprene)	formulations	 are	 shown	 in	 Figure	 3.18.	 In	 all	 samples	 the	 glass	 transition	 is	observed	around	40	°C	as	a	drop	in	the	storage	modulus,	in	agreement	with	the	results	found	in	the	DSC	experiments.	For	all	formulation	with	PC(53)	present,	a	drop	 in	 the	 storage	modulus	 is	 observed	 around	 30	 °C	 due	 to	 crystal	melting,	again	this	is	in	agreement	with	crystal	melting	peaks	observed	through	DSC.			The	 storage	 modulus	 between	 the	 glass	 transition	 and	 crystal	 melting	temperatures	 provides	 some	 insight	 into	 the	 relative	 stiffness	 of	 the	materials	during	 conditions	 we	 have	 been	 testing	 in.	 PC(53)	 has	 the	 highest	 storage	modulus	 across	 this	 region,	 whilst	 the	 3:1	 and	 1:1	 blends	 have	 very	 similar	storage	 moduli.	 Young’s	 moduli	 results	 (Figure	 3.17(a))	 also	 showed	 similar	moduli	for	the	3:1	and	1:1	blends.	However,	the	Young’s	modulus	of	PC(53)	was	found	to	be	significantly	lower	than	that	of	the	3:1	and	1:1	blends.			The	1:3	blend	shows	a	lower	storage	modulus	than	the	other	blends	between	the	glass	 transition	 and	 the	 crystal	melting	 as	 expected	 from	 the	Young’s	modulus	results.	 As	 with	 the	 Young’s	 modulus	 results,	 PC(94)	 has	 a	 storage	 modulus	below	the	level	of	all	of	the	other	samples	tested	in	the	region	between	the	glass	transition	 temperature	 and	 the	 crystal	melting	 temperature	 in	 the	 blends	 and	PC53.			
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 Figure	3.19.	Results	of	DMA	temperature	sweeps	on	PC53	at	different	times:	as-cast	 (blue);	 immediately	 (0	min.)	after	heating	 to	65	 °C	 (orange);	30	min.	after	heating	(red);	one	week	after	heating	(purple).		By	comparing	the	as-cast	sample	to	a	sample	immediately	after	heating	to	65	°C	(which	 is	 above	 the	 Tm),	 the	 effect	 of	 the	 loss	 of	 crystallinity	 on	 the	 storage	modulus	can	be	observed.	The	fall	in	the	modulus	at	the	glass	transition	is	much	greater	for	the	recently	annealed	sample	(yellow	line	in	Figure	3.19),	because	it	contains	no	crystals,	whereas	the	value	of	the	modulus	in	the	temperature	range	between	 -20	 °C	 and	 20	 °C	 is	 higher	 for	 the	 as-cast	 sample,	 because	 of	 the	presence	of	crystals.	After	one	week	of	recrystallization	(purple	line),	the	storage	modulus	 follows	 a	 very	 similar	 trend	 to	 the	 as-cast	 sample.	 This	 result	demonstrates	the	recovery	of	the	crystallinity.		The	effects	of	re-crystallisation	can	be	observed	during	the	temperature	sweep	in	the	DMA	experiment	for	the	samples	0	minutes	and	30	minutes	after	melting.	The	storage	modulus	rises	in	value	between	the	temperatures	of	approximately	0	°C	and	35	°C,	because	of	the	growth	of	crystals.	As	the	heating	rate	is	5	°C/min.	this	 temperature	 range	 corresponds	 to	 recrystallization	over	a	period	of	 seven	minutes.	During	this	time	period,	the	modulus	never	reached	the	value	exhibited	in	 the	as-cast	 sample,	which	 indicates	 that	 re-crystallization	 is	 incomplete.	The	modulus	falls	again	above	35	°C	because	the	crystals	melt.				
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	Figure	3.20.	Results	 of	DMA	 temperature	 sweeps	 for	blends	of	 PC53:PC94:	3:1	(a)	and	1:3	 (b)	blends	of	PC53:PC94.	Experiments	were	performed	at	different	times	 in	 the	 re-crystallisation	 process: as-cast (blue); immediately (0 min.) after 
heating to 65 °C (orange); 30 min. after heating (red); one week after heating (purple).	 
 DMA	 temperature	 sweeps	of	 the	3:1	PC53:PC94	blend	 (Figure	3.20(a))	 show	a	very	 similar	 pattern	 of	 behavior	 when	 compared	 to	 the	 pure	 PC53.	 We	 once	again	 observe	 re-crystallisation	 during	 the	 0	 minute	 (orange)	 and	 30	 minute	(red)	after	heating	measurements.	Unlike	 the	PC53	sample	 the	0	minute	(blue)	sample	 the	 storage	modulus	 does	 not	 recover	 to	 a	 level	 similar	 to	 the	 as-cast	sample	 before	 the	 crystal	 melting	 temperature	 is	 reached.	 	 After	 one	 week	(purple)	 there	 is	 a	 small	 increase	 in	 the	 storage	 modulus	 between	 the	 glass	transition	and	the	crystal	melting	temperatures.			For	the	3:1	blend	(Figure	3.20(a))	there	is	only	a	small	amount	of	crystallisation	observable	 in	 the	 0	 minute	 and	 30	 minutes	 after	 heating	 samples.	 This	 is	 in	agreement	with	 the	 lack	 of	 crystallisation	 seen	 in	 the	DSC	 results.	 There	 is	 no	observable	 differences	 between	 the	 as-cast	 and	 the	 one	 week	 after	 heating	samples.			3.4	X-Ray	Scattering	Under	Strain		Wide-Angle	x-ray	scattering	was	performed	on	an	as-cast	sample	of	PC53	whilst	under	 strain	 in	 order	 to	 investigate	 the	 strain-induced	 crystallisation	 in	poly(chloroprene).	 Experiments	 were	 performed	 using	 equipment	 at	 the	University	of	Warwick,	the	methodology	of	which	is	detailed	in	2.2.2.	
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	Figure	3.21.	Wide-angle	x-ray	diffractograms	of	 as-cast	PC53	 taken	at	different	strains	detailed	in	the	legend.	Only	the	(120)	peak	is	shown	in	order	to	illustrates	the	differences	in	FWHM	and	peak	area.	A	background	has	been	subtracted	from	all	diffractograms	in	order	to	get	a	true	measure	of	the	peak	area.		The	strongest	peak	visible	in	the	PC53	WAXS	diffractogram	(Figure	3.21)	is	the	(120)	 peak	 observed	 around	 20°,	 in	 agreement	 with	 the	 x-ray	 experiments	performed	at	the	University	of	Surrey	on	unstrained	films.	A	very	small	peak	is	observed	at	22°	corresponding	 to	 the	 (210)	plane,	due	 to	 the	noise	 in	 the	data	this	peak	is	not	suitable	for	analysis.	As	a	result	I	have	chosen	to	only	show	the	(120)	 peak	 in	 figure	 3.22	 in	 order	 to	 allow	 changes	 in	 the	 full-width	 at	 half	maximum	(FWHM)	and	the	total	peak	area	to	be	observed	more	clearly.			
	Figure	 3.22.	 Area	 under	 the	 peak	 (a)	 and	 FWHM	 (b)	 data	 for	 the	 (120)	 peak	found	in	as-cast	PC53	when	the	sample	is	stretched	to	different	strains.		
(120)	
(210)	
(a)	 (b)	
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Figure	 3.22	 provides	 quantitative	 analysis	 of	 the	 trends	 that	 can	 be	 seen	 in	Figure	3.21,	namely	both	 the	 area	under	 the	peak	and	 the	FWHM	of	 the	 (120)	peak	 increase	 as	 strain	 is	 increased.	 An	 increase	 in	 the	 area	 under	 the	 peak	indicates	 that	 the	 total	 crystalline	 content	 in	 the	 sample	 is	 increasing	as	 strain	increases.	The	Scherrer	equation	suggests	an	increase	in	the	FWHM	of	a	sample	is	proportional	to	a	decrease	in	the	average	size	of	a	crystallite	in	the	sample.			These	 two	 results	 indicate	 that	 there	 is	 an	 increase	 in	 the	 amount	 of	crystallisation	as	strain	 increase,	 i.e.	 strain	 induced	crystallisation,	and	 that	 the	average	crystal	size	decreases	as	strain	increases.	This	is	in	agreement	Tosaka	et	al.,	who	concluded	that	small	 lamellar	crystals	grow	from	fully	stretched	chains	which	act	as	nucleation	sites[5].		3.5	Conclusions		Evidence	has	been	found	to	support	the	proposed	scenarios	of	film	formation	in	semi-crystalline	 polymers	 and	has	 shown	 the	 importance	 on	 the	 race	 between	coalescence	 and	 crystallisation	 on	 the	 final	 mechanical	 properties	 of	 semi-crystallisable	 poly(chloroprene).	When	 film	 forming	 below	 the	 crystal	 melting	temperature	 a	 film	 with	 poor	 cohesive	 strength	 is	 found,	 likely	 due	 to	crystallisation	 inhibiting	 coalescence	 (Scenario	 1).	 However,	 when	 a	 film	 is	formed	 above	 the	 crystal	 melting	 temperature	 greater	 cohesive	 strength	 is	observed,	 as	 the	 particles	 are	 able	 to	 fully	 coalesce	 prior	 to	 the	 onset	 of	crystallisation	 (Scenario	 2).	 Additionally,	 it	 has	 been	 found	 that	 heating	 a	 film	formed	at	room	temperature	above	the	crystal	melting	temperature	results	in	a	switch	from	Scenario	1	to	Scenario	2.			In	as-cast	films,	a	 lack	of	cohesion	between	particles	was	observed	as	indicated	in	the	low	strain	at	 failure.	After	heating	to	melt	the	crystallinity	an	increase	in	the	 strain	 at	 failure	 was	 observed	 for	 samples	 with	 at	 least	 50	 vol.	 %	 of	crystallisable	 poly(chloroprene).	 We	 attribute	 this	 to	 increased	 cohesion	between	 particles	 due	 to	 further	 coalescence	 occurring	 whilst	 the	 films	 were	amorphous	during	and	following	heating.		In	 blends	 of	 semi-crystalline	 and	 amorphous	 poly(chloroprene),	 an	 induction	time	 is	 observed	 in	 the	 onset	 of	 crystallisation	 proportional	 to	 the	 volume	content	 of	 the	 amorphous	 polymer.	 This	 is	 due	 to	 smaller	 regions	 of	crystallisable	poly(chloroprene)	resulting	in	a	longer	average	nucleation	time.			Whilst	some	synergistic	effects	are	observed	in	the	mechanical	properties	of	as	cast	blends	of	poly(chloroprene),	particularly	in	the	strain	at	failure,	these	effects	do	not	remain	after	the	heating	and	recrystallization	process	has	taken	place.	We	can	 therefore	 attribute	 these	 synergistic	 effects	 to	 the	 induction	 time	 in	crystallisation	 allowing	 more	 coalescence	 to	 occur	 prior	 to	 crystallisation,	pushing	the	blends	closer	to	Scenario	2	than	Scenario	1.			Additionally,	 I	 have	 observed	 a	 change	 in	 the	 crystalline	 structure	 of	poly(chloroprene)	as	a	result	of	heating	above	the	crystal	melting	temperature.	
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Smaller	crystallites	are	observed	after	heating	than	those	seen	in	the	as	cast	film.	I	attribute	this	 to	an	 increase	 in	nucleations	as	a	result	of	a	more	cohesive	 film	after	heating.		3.6	References		1.	 Makhiyanov,	M.,	Determination	of	the	Microstructure	of	Polychloroprenes	
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Chapter	4		Mechanical	and	Viscoelastic	Properties	of	Polymer	Films	Blended	from	Two	Distinct	Species.			In	 this	 chapter,	 the	 effects	 of	 blending	 semi-crystalline	 and	 non-crystalline	polymers	 are	 studied.	 In	 this	 case,	 I	 have	 looked	 at	 blending	 two	 different	compositions	of	polymers,	rather	than	blending	two	forms	of	the	same	polymer,	as	in	Chapter	3.			Whilst	 blends	 of	 two	 poly(chloroprene)	 grades	 were	 of	 interest	 in	 chapter	 3,	poly(chloroprene)	 is	 a	 relatively	 expensive	 material	 for	 use	 in	 a	 disposable	product	such	as	medical	gloves.	As	a	result,	it	is	of	interest	to	impart	some	of	the	benefits	 of	 the	 semi-crystallisable	 poly(chloroprene)	 by	 blending	 the	poly(chloroprene)	with	a	cheaper	synthetic	polymer.	It	 is	hoped	that	the	added	crystallinity	 from	 the	poly(chloroprene)	 can	 increase	 the	Young’s	modulus	and	breaking	 energy	 of	 XNBR	 whilst	 also	 increasing	 the	 extensibility	 of	 the	poly(chloroprene).		Therefore,	I	have	studied	the	effects	of	blending	two	synthetic	polymers	used	as	replacements	for	natural	rubber	in	the	glove	making	industry:	poly(chloroprene)	and	a	carboxylated	nitrile-butadiene	rubber	(XNBR).			4.1	Materials	and	Methods		As	 I	am	 interested	 in	 the	effects	of	blending	semi-crystalline	poly(chloroprene)	and	 non-crystalline	 XNBR	 in	 this	 study,	 only	 the	 PC53	 formulation	 of	poly(chloroprene)	was	used.	Information	on	the	material	properties	of	PC53	can	be	found	in	Section	3.1.1	and	Table	3.1.		4.1.1.	Carboxylated	Nitrile-Butadiene	Rubber	(XNBR)		A	carboxylated	nitrile	rubber	(XNBR)	latex	was	provided	by	Synthomer	UK	Ltd.	The	 exact	 details	 of	 the	 formulation	 are	 not	 available	 due	 to	 confidentiality	reasons.	 The	 solids	 content	 of	 the	 XNBR	 used	 is	 44.8	wt	%.	 Particles	 size	was	found	 to	be	131.1	nm	with	a	polydispersity	 index	of	0.017	using	dynamic	 light	scattering.				4.1.2	Addition	of	Zinc	Oxide		In	 order	 to	 perform	 mechanical	 tests	 on	 the	 XNBR	 rubber,	 it	 is	 necessary	 to	introduce	an	additive	to	the	wet	latex	in	order	to	cross-link	the	network	during	
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film	formation.	Zinc	Oxide	(ZnO)	was	recommended	by	Synthomer	as	a	suitable	cross-linker	to	be	added	at	a	1%	volume	fraction	of	the	solid	latex[1].			A	 ZnO	 dispersion	 produced	 by	 Aquadispersions	 (Halifax,	 UK)	 was	 used.	Aquadispersions	 reports	 that	 the	 dispersion	 consists	 of	 one	 micrometer	 ZnO	particles	in	water	with	a	total	solids	content	of	52	%[2].		ZnO	was	 added	 at	 a	 1%	volume	 fraction	of	 solid	 latex	 to	 all	 of	 the	blends	 that	have	been	tested	in	this	study.	This	included	adding	ZnO	to	the	pure	PC53	latex,	which	was	also	studied	 in	order	 to	provide	a	 suitable	control	 for	 the	blends.	 It	was	 thought	 that	 the	 ZnO	 could	 influence	 the	 crystallization	 of	 the	poly(chloroprene).		4.1.3.	Preparation	of	Blends		Initial	 reports	 on	 the	 stability	 of	 PC53:XNBR	 blends	 were	 provided	 by	Synthomer[1].	 They	 found	 that	 stable	 blends	were	possible	with	 an	XNBR	wet	latex	content	of	at	least	50	wt.%,	however	when	the	XNBR	content	dropped	to	30	wt.%,	 gelation	 was	 observed	 in	 the	 PC53:XNBR	 blend.	 As	 a	 result,	 I	 opted	 to	study	1:1	and	1:3	PC53:XNBR	blends	of	wet	latex	to	avoid	gelation.			Blends	 have	 been	 mixed	 by	 slow	 addition	 under	 magnetic	 stirring,	 using	 a	micropipette	to	ensure	accurate	volumes	of	wet	latex	are	used.	The	ZnO	was	also	added	under	magnetic	stirring,	using	 the	solids	content	of	 the	 two	materials	 to	calculate	the	correct	content	of	ZnO	in	the	blend.			The	blends	were	stirred	for	10	minutes	after	all	components	had	been	added	and	left	 to	 rest	 for	 overnight	 prior	 to	 use.	 Prior	 to	 casting	 films,	 the	 blends	 were	stirred	for	a	further	10	minutes.	There	was	no	evidence	for	gelation	or	colloidal	instability	in	the	blends.		4.2	Non	Strain-Induced	Crystallinity		Recall	 in	Chapter	3,	 (Section	3.2.2.)	 that	when	blending	semi-crystalline	(PC53)	and	non-crystalline	 (PC94)	poly(chloroprene)	 dispersions	 an	 induction	 time	 in	the	 onset	 of	 crystallization	 is	 observed.	 However,	 there	 was	 no	 effect	 on	 the	degree	 of	 crystallinity	 in	 the	 PC53	phase	 as	 the	 PC94	 content	 of	 the	 sample	 is	increases.				Similar	studies	were	conducted	on	blends	of	PC53	with	XNBR.	In	particular,	DSC	experiments	 were	 performed	 to	 investigate	 whether	 the	 blending	 of	 the	 two	different	polymer	species	or	 the	addition	of	ZnO	had	any	effects	on	 the	degree	and	onset	of	crystallisation	in	the	PC53	phase.					
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4.2.1	Differential	Scanning	Calorimetry		
	Figure	4.1.	Time	dependence	of	re-crystallisation	data	PC53	(!),	PC53	with	ZnO	added	 ("),	 a	 3:1	 blend	 of	 PC53:PC94	 (!)	 and	 a	 1:1	 blend	 of	 PC53:XNBR	with	ZnO	added	(!).			Figure	4.1	shows	re-crystallisation	data	for	PC53	with	and	without	ZnO	added,	a	1:1	 PC53:XNBR	 blend	 with	 ZnO	 added	 and	 a	 3:1	 blend	 of	 PC53:PC94	 for	reference.	Experiments	were	performed	by	heating	 the	sample	 to	65	°C	(above	Tm)	 and	 holding	 there	 for	 30	 minutes	 to	 ensure	 crystallinity	 is	 removed.	 The	sample	 is	 then	 cooled	 to	 22	 °C	 (below	 Tm)	 and	 is	 held	 there	 for	 varying	 re-crystallisation	 times	 before	 being	 heated	 to	 65	 °C.	 The	 crystal-melting	 peak	observed	 in	 this	 final	 heating	 cycle	 is	 used	 to	 determine	 the	 degree	 of	crystallinity	in	the	sample.			When	ZnO	is	added	is	added	to	PC53,	an	induction	time	is	found	in	the	onset	of	re-crystallisation.	 The	 re-crystallisation	 behavior	 of	 PC53	 with	 ZnO	 added	matches	 that	 of	 the	 3:1	 PC53:PC94	 blend	 discussed	 previously	 in	 Chapter	 3.	 I	propose	the	mechanism	of	the	induction	time	when	ZnO	is	added	is	the	same	as	when	PC53	is	blended	with	PC94;	the	domains	of	PC53	are	reduced,	in	this	case	by	 the	 ZnO	 particles,	 reducing	 the	 probability	 of	 a	 nucleus	 of	 the	 critical	 size	forming.		The	 1:1	 PC53:XNBR	 blend	 shows	 an	 increase	 in	 the	 induction	 time	 when	compared	to	the	PC53	with	ZnO	as	expected	from	the	results	 in	Chapter	3.	The	induction	 time	 is	 longer	 than	 that	 of	 the	 1:1	 PC53:PC94	 blend	 (3	 hours	 and	 1	hour	respectively).			4.3		Mechanical	Properties	of	PC53:XNBR	Blended	Systems		The	mechanical	properties	of	the	resulting	poly(chloroprene)-XNBR	blend	films	are	 of	 particular	 interest	when	 considering	 the	 usefulness	 of	 the	 blends	 in	 the	application	of	 gloves,	where	high	 tear	 resistance	 is	 an	 important	quality	 in	 the	final	 product.	 The	 effects	 of	 the	 competition	 between	 crystallisation	 and	
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coalescence	described	in	Chapter	3	have	been	studied	in	the	chapter	through	the	heating	and	re-crystallisation	process	in	films	cast	in	ambient	conditions.				4.3.1	Large	Scale	Deformation		
	Figure	 4.2.	 Representative	 large-strain	 data	 for	 PC53	 films	 (with	 and	 without	added	ZnO)	strained	at	a	crosshead	speed	of	6	mm/min	before	and	after	heating.	As-cast	 sample	 (blue),	 30	 minutes	 after	 heating	 (red),	 one	 day	 after	 heating	(green)	and	one	week	after	heating	(purple).	Samples	without	ZnO	are	shown	as	full	lines,	and	samples	with	ZnO	as	dashed	lines.			Initially,	 experiments	were	 performed	 to	 investigate	 the	 effects	 on	mechanical	properties	when	ZnO	is	added	to	PC53	(Figure	4.2).	Both	in	the	as-cast	material		and	 at	 all	 times	 in	 the	 re-crystallisation	 process	 -	 a	 reduction	 in	 the	 strain	 at	failure	 is	 observed	when	 ZnO	 is	 added;	 however,	 the	 stress	 at	 failure	 remains	consistent	 for	 each	 sample	 upon	 ZnO	 additions.	 The	 ZnO	 particles	 are	 much	larger	 than	 the	 PC53	 particles	 (1	 μm	 and	 125	 nm,	 respectively),	 they	 can	generate	voids	in	the	PC53	network	by	introducing	weak	point	from	which	tears	can	propagate.	As	the	PC53	polymer	does	not	contain	ionic	groups	(such	as	COO-),	crosslinking	from	the	Zn2+	is	not	expected.		The	 Young’s	 modulus	 and	 yield	 stress	 increase	 for	 all	 samples	 when	 ZnO	 is	added	to	PC53.	This	is	due	to	the	ZnO	acting	as	nucleation	sites	for	crystallites	to	grow	 from,	 increasing	 the	 degree	 of	 crystallinity	 and	 therefore	 the	 low-strain	mechanical	properties	of	the	resulting	film.						
	 64	
	Figure	 4.3.	 Representative	 large-strain	 data	 for	 XNBR	 films	 with	 ZnO	 added	strained	 at	 a	 crosshead	 speed	 of	 6	 mm/min	 before	 and	 after	 heating.	 As-cast	sample	(blue),	one	day	after	heating	(green)	and	one	week	after	heating	(purple).		The	effects	of	heating	in	XNBR	films	to	a	temperature	of	65	°C	for	30	minutes	are	shown	 in	 Figure	 4.3	 for	 samples	 strained	 at	 a	 cross-head	 speed	 of	 6	mm/min.	After	heating,	the	samples	were	aged	at	room	temperature.	Given	that	the	XNBR	is	amorphous,	no	experiment	has	been	performed	30	minutes	after	heating,	as	it	was	 expected	 that	 there	 wouldn’t	 not	 be	 any	 significant	 changes	 at	 this	 time	which	would	not	be	observable	after	one	day.			At	 very	 high	 strains,	 the	 stress	 begins	 to	 decay	 as	 the	 sample	 continues	 to	 be	stretched,	before	a	breaking	point	 is	reached.	 	The	results	suggest	 that	 there	 is	viscoelastic	 stress	 relaxation	 occurring	 over	 the	 course	 of	 the	 experiment.	 As	discussed	 in	 Chapter	 1,	 this	 would	 be	 due	 to	 the	 re-arrangement	 of	 chains	perpendicular	 to	 the	 direction	 of	 strain	 into	 the	 direction	 of	 strain	 and	 due	 to	chain	disentanglement.			There	 is	 little	 change	 in	 the	 Young’s	 modulus	 as	 a	 result	 of	 heating,	 however	there	 is	 an	 increase	 in	 the	 yield	 point.	 Additionally,	 the	 maximum	 stress	increases	as	result	of	heating	and	after	ageing,	suggesting	that	the	time	at	65	°C	may	 increase	 the	 cross-linking	 in	 the	 sample	 by	 giving	 the	 molecules	 extra	mobility	to	cross-link	with	unused	ZnO.			
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	Figure	 4.4.	 Representative	 large-strain	 data	 for	 XNBR	 films	 strained	 at	 a	crosshead	speed	of	200	mm/min	before	and	after	heating.	As-cast	sample	(blue),	one	day	after	heating	(green),	and	one	week	after	heating	(purple)		This	 theory	 can	 be	 investigated	 by	 performing	 stress-strain	 experiments	 at	 a	much	higher	crosshead	speed,	thereby	denying	the	polymer	chains	time	to	relax.	A	crosshead	speed	of	200	mm/min	has	been	used;	this	speed	is	at	the	upper	limit	possible	using	the	Instron	mechanical	testing	machine.		Figure	4.4	shows	the	results	of	stress-strain	experiments	performed	on	samples	of	 XNBR	 at	 a	 crosshead	 speed	 of	 200	 mm/min.	 As	 hypothesized,	 there	 is	 no	longer	a	reduction	in	stress	at	high	strains	and	a	reduction	in	the	strain	at	failure	is	 observed	 for	 all	 samples.	 Instead,	 there	 is	 pronounced	 strain	 hardening	 as	there	 is	 no	 time	 for	 stress	 relaxation	 to	 occur.	 Furthermore,	 there	 are	 no	significant	effects	of	heating	on	the	stress/strain	relationship.				
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	Figure	 4.5.	 Representative	 large-strain	 data	 for	 as-cast	 PC53:XNBR	 blends	strained	at	a	cross-head	speed	of	6	mm/min;	PC53	("),	1:1	blend	(!),	1:3	blend	(!),	XNBR	(!)	all	samples	have	ZnO	added.		Figure	 4.5	 shows	 representative	 large-strain	 data	 for	 as-cast	 samples	 of	PC53:XNBR	 blends	 tested	 at	 a	 cross-head	 speed	 of	 6	 mm/min.	 As	 the	 PC53	content	increases	so	does	the	Young’s	modulus	and	yield	point	of	the	samples,	as	to	 be	 expected	 for	 increasing	 crystalline	 content.	 Furthermore,	 the	 PC53	crystalline	particles	act	to	reinforce	the	elastomer,	as	is	indicated	by	the	increase	in	the	stress	at	failure	with	increasing	concentrations.		Only	the	pure	XNBR	shows	a	reduction	in	stress	at	high	strains.	All	of	the	other	samples	in	Figure	4.5	show	some	degree	of	strain	hardening	at	high	strains	when	approaching	failure,	because	of	the	presence	of	crosslinks.		As	the	PC53	content	increases,	a	decrease	in	the	strain	at	failure	is	observed.	As	was	also	 found	in	Chapter	3,	 the	PC53	lacks	cohesion	 in	 its	as-cast	state	due	to	crystallisation	occurring	quicker	than	coalescence	(film	formation	scenario	1).	As	the	 amount	 of	 PC53	 increases,	 the	 degree	 of	 cohesion	 in	 the	 film	 drops	 and	therefore	the	strain	at	failure	is	reduced.			
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	Figure	4.6.	Representative	large-strain	data	for	a	1:1	PC53:XNBR	blend	tested	at	crosshead	speeds	of	6	mm/min	(a),	200	mm/min	(b)	and	a	1:3	blend	tested	at	crosshead	speeds	of	6	mm/min	(c)	and	200	mm/min	(d).	Note	the	differences	in	the	scales	on	the	vertical	axes.	For	all	figures	data	is	shown	for	three	times	in	the	heating	and	re-crystallisation	process;	as-cast	(blue),	1	day	after	heating	(green)	and	1	week	after	heating	(purple).		Figure	4.6	compares	the	representative	large-strain	data	for	PC53:XNBR	blends	strained	at	crosshead	speeds	of	6	and	200	mm/min.	For	both	the	1:1	(a	and	b)	and	the	1:3	blends	(c	and	d),	an	increase	in	the	stress	at	failure	is	observed	when	the	 crosshead	 speed	 is	 increased	 for	 each	 of	 the	 times	 in	 the	 re-crystallisation	process.	Additionally,	strain	hardening	 is	more	clearly	observable	at	 the	higher	cross-head	 speed	 as	 a	 faster	 rate	 of	 increase	 in	 stress	 at	 high	 strains.	 At	 the	higher	 strain	 rate,	 the	 stress	 at	 failure	 is	 significantly	 higher.	 This	 is	 because	higher	 strain	 rates	 allow	 less	 time	 for	 relaxation	 processes	 during	 the	 strain	deformation.		In	the	1:1	blend	there	are	no	significant	changes	in	the	strain	at	failure	as	a	result	of	 either	 cross-head	 speed	 or	 heating	 and	 re-crystallisation.	 In	 the	 1:3	 blend	there	 appears	 to	 be	 a	 small	 decrease	 in	 the	 strain	 at	 failure	 as	 a	 result	 of	increasing	 cross-head	 speed,	 however	 this	 change	 is	 insignificant	when	 errors	are	 taken	 into	 account.	 This	 result	 shows	 that	 the	 cohesion	 is	 not	 significantly	
	 	
	 	
(a)	 (b)	
(c)	 (d)	
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affected	 by	 the	 heating	 process.	 Coalescence	 of	 the	 XNBR	 takes	 place	 at	 room	temperature	 in	 the	as-cast	 film.	The	 failure	 is	not	affected	by	chain	 relaxations	that	occur	with	the	lower	strain	rate.		
	Figure	 4.7.	 Mechanical	 properties	 of	 elastomer	 films	 obtained	 from	 blending	PC53	 and	 XNBR	 when	 strained	 at	 a	 crosshead	 speed	 of	 6mm/min.	 Young’s	Modulus	 (a);	 strain	 at	 failure	 (b);	 and	breaking	energy	 (c).	Data	 are	 shown	 for	three	 times	 and	 treatments:	 As-cast	 (!),	 one	 day	 after	 heating	 ("),	 and	 one	week	 after	 heating	 (!).	 Inset	 in	 each	 figure	 is	 the	 same	 data	 with	 the	 PC52	omitted.		Some	of	the	key	mechanical	properties	of	the	polymer	films	have	been	plotted	as	function	of	PC53	content	 for	as-cast	 films	and	 for	 films	allowed	to	recrystallize	for	one	day	and	one	week	(Figure	4.7).	Three	repeat	measurements	were	taken	for	each	sample	and	the	average	for	each	property	was	taken	from	this	data.		When	 comparing	 the	 Young’s	 modulus	 values	 (Figure	 4.7(a)),	 no	 significant	differences	can	be	seen	as	a	result	of	heating	and	recrystallization	for	any	of	the	blends	investigated.	When	blending	PC53	and	XNBR,	the	XNBR	appears	to	be	the	dominant	 phase	 for	 both	 blends	 studied.	 The	 1:3	 blend	 shows	 no	 significant	difference	in	the	Young’s	modulus	when	compared	to	the	pure	XNBR	sample.	The	1:1	blend	does	have	a	higher	Young’s	modulus,	however	it	is	around	12.5%	of	the	modulus	 of	 the	 PC53	 samples.	 There	 are	 large	 uncertainties	 in	 the	 Young’s	
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modulus,	 possibly	 due	 to	 the	 ZnO	 particles	 acting	 as	 voids	 in	 the	 films	 and	inhibiting	coalescence.			The	strain	at	failure	of	the	blends	is	compared	in	Figure	4.7(b).	For	both	blends	and	 the	pure	XNBR,	no	significant	difference	can	be	seen	as	a	 result	of	heating	and	 recrystallization.	 For	 the	 PC53,	 an	 improvement	 is	 seen	 from	 the	 as-cast	sample,	 but	 no	 significant	 change	 is	 observed	 between	 1	 day	 and	 1	 week	 of	recrystallization	time.			Blending	 does	 have	 some	 effects	 on	 the	 strain	 at	 failure	 of	 the	 PC53:XNBR	blends.	 The	 strain	 at	 failure	 decreases	 as	 the	 PC53	 content	 of	 the	 sample	increases,	up	until	a	PC53	content	of	50%.	Again,	the	increased	presence	of	ZnO	that	are	not	cross-linking	the	XNBR	particles	results	in	an	increase	in	the	number	of	interfacial	voids	in	the	material	that	act	as	failure	points	for	tear	to	propagate	from.			In	 Figure	 4.7(c)	 the	 breaking	 energy	 of	 the	 blends	 is	 compared.	 No	 significant	difference	in	the	breaking	energy	can	be	seen	for	both	blends	and	the	XNBR	as	a	result	of	heating	and	recrystallization.	The	breaking	energy	of	the	PC53	samples	does	 show	 a	 significant	 increase,	 ~200%,	 after	 heating	 and	 one	 day	 of	 re-crystallisation.	No	significant	change	is	seen	in	the	breaking	energy	when	the	re-crystallisation	time	is	increased	to	one	week.		When	 blending	 results	 show	 that	 the	 breaking	 energy	 decreases	 as	 the	 PC53	content	 decreases	with	 a	 plateau	 being	 reached	 at	 a	 PC53	 content	 of	 25%.	No	significant	 change	 in	 breaking	 energy	 can	 be	 observed	 between	 the	 1:3	 blend	and	the	XNBR,	however	their	stress-strain	curves	show	very	different	behaviour.	The	 1:1	 appears	 similar	 to	 the	 XNBR	 and	 1:3	 before	 heating	 and	 re-crystallisation;	after	heating,	it	shows	an	increase	in	the	breaking	energy.											
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	Figure	 4.8.	 Mechanical	 properties	 of	 elastomer	 films	 obtained	 from	 blending	PC53	and	PC94	strained	at	a	crosshead	speed	of	200	mm/min.	Young’s	Modulus	(a);	strain	at	failure	(b);	and	breaking	energy	(c).	Data	is	shown	for	three	times	and	 treatments:	 As-cast	 (!),	 one	 day	 after	 heating	 ("),	 and	 one	 week	 after	heating	(!).		When	 straining	 at	 a	 crosshead	 speed	 of	 200	 mm/min,	 the	 Young’s	 modulus	(Figure	4.8(a))	of	all	samples	showed	no	significant	change	as	a	result	of	heating	and	re-crystallisation.	There	is	no	significant	difference	in	the	Young’s	modulus	between	 the	 XNBR	 and	 the	 1:3	 blend.	 The	 1:1	 blend	 does	 show	 an	 increased	modulus	compared	to	the	other	materials.			Heating	and	re-crystallisation	has	no	effect	on	the	strain	at	failure	(Figure	4.8(b))	of	 any	of	 the	materials	when	strained	at	 a	 crosshead	speed	of	200	mm/min.	A	decrease	 in	 the	 strain	 at	 failure	 is	 observed	 between	 the	 XNBR	 and	 the	 two	blends;	 the	 two	 blends	 show	 no	 significant	 difference	 between	 each	 other	 in	their	strain	at	failure.			The	breaking	energies	of	the	PC53:XNBR	blends	(Figure	4.8(c))	show	no	change	as	 a	 result	 of	 heating	 and	 recrystallization,	 within	 experimental	 uncertainties.	For	 the	pure	XNBR,	 there	 is	a	decrease	 in	 the	breaking	energy	 found	one	week	after	 heating.	Breaking	 energy	 is	 similar	 for	 the	pure	XNBR	and	 the	1:3	blend,	however	an	increased	breaking	energy	is	observed	for	the	1:1	blend.			
(a)	 (b)	
(c)	
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	Figure	 4.9.	 Mechanical	 properties	 of	 as	 cast	 PC53:XNBR	 films	 tested	 at	 two	different	 strain	 rates:	 6	mm/min	 (blue)	 and	200	mm/min	 (purple).	 Properties	shown	are	Young’s	modulus	(a),	strain	at	failure	(b)	and	breaking	energy	(c).			When	comparing	 the	Young’s	modulus	of	as-cast	PC53:XNBR	 films	stretched	at	different	 strain	 rates	 (Figure	 4.9(a)),	 no	 significant	 difference	 in	 the	 Young’s	modulus	 as	 a	 result	 of	 changing	 the	 strain	 rate	 is	 observed	 for	 either	 of	 the	blended	 samples.	 However,	 the	 XNBR	 does	 show	 an	 increase	 in	 the	 Young’s	modulus	when	the	strain	rate	is	increased.		For	the	XNBR	and	1:3	blend,	the	strain	at	failure	of	the	materials	decreases	as	the	strain	 rate	 increases	 (Figure	 4.9(b)).	 No	 difference	 in	 the	 strain	 at	 failure	 is	observed	for	the	1:1	blend.	For	all	of	the	materials,	an	increase	of	at	least	100%	is	 observed	 in	 the	 breaking	 energy	 when	 the	 strain	 rate	 is	 increased	 from	 6	mm/min	to	200	mm/min.			The	breaking	energy	shows	 the	highest	dependence	on	strain	 rate	of	 the	 three	material	properties	studied	(Figure	4.9(c)).	This	is	due	to	the	higher	strain-rate	resulting	 in	 an	 increased	 degree	 of	 strain	 hardening	 and	 as	 a	 result	 a	 higher	strain	at	failure	for	each	sample.					
(a)	 (b)	
(c)	
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4.4	Viscoelasticity	in	PC53:XNBR	Blended	Systems		Given	the	high	strain-rate	dependence	of	the	XNBR	and	the	PC53:XNBR	blends,	it	is	of	interest	to	further	explore	the	viscoelastic	properties	of	the	materials.	Stress	relaxation	experiments	have	been	performed	on	PC53,	XNBR	and	the	blends	 in	addition	to	Dynamic	Mechanical	Analysis	experiments	performed	throughout	the	re-crystallisation	process.			4.4.1	Stress	Relaxation		Stress	relaxation	experiments	are	performed	by	stretching	a	sample	to	a	 target	strain	and	holding	the	sample	at	that	strain.	When	this	experiment	is	performed	on	a	viscoelastic	material,	the	stress	will	fall,	or	relax,	over	time	due	to	molecular	rearrangement	 and	 disentanglement.	 The	 relaxation	 process	 can	 be	characterized	by	one	or	more	relaxation	times.		
	Figure	 4.10.	 Stress	 relaxation	 curves	 for	 as-cast	 PC53:XNBR	blends	 strained	 to	5%	extension.	The	time	axis	is	set	to	zero	when	the	sample	initially	reaches	the	target	extension.	Stress	has	been	plotted	in	MPa	for	all	samples	(a),	and	for	each	it	has	been	normalized	to	the	stress	at	time	=	0	(b).	In	both	figures:	PC53	(blue),	1:1	blend	(red),	1:3	blend	(green)	and	XNBR	(purple).		Stress	 relaxation	 curves	 for	PC53:XNBR	blends	 strained	 to	 a	 5%	extension	 are	shown	in	Figure	4.10.	The	absolute	stresses	are	shown	in	Figure	4.10(a);	as	seen	in	 the	 large-strain	 data,	 the	 stress	 levels	 increase	 as	 the	 PC53	 content	 of	 the	samples	 increases.	 However,	 this	 method	 of	 presentation	 does	 not	 allow	 the	shape	and	extent	of	the	stress-relaxation	curves	to	be	easily	compared	between	samples.	 The	 absolute	 magnitudes	 of	 stress	 relaxation	 are	 compared,	 but	 the	proportional	amount	of	stress	relaxation	is	not	considered.		Figure	 4.10(b)	 plots	 the	 same	 stress-relaxation	 data,	 but	 with	 the	 stress	normalized	to	the	stress	when	the	target	strain	(5%)	was	initially	reached.	From	this	 presentation	 of	 the	 data,	 it	 becomes	 clear	 that	 the	 pure	 XNBR	 undergoes	more	stress	relaxation	than	all	of	the	other	samples	tested,	whilst	the	pure	PC53	undergoes	 the	 least	stress	relaxation.	The	two	blended	samples	 fall	 in	between	the	 two	 pure	 materials	 and	 show	 very	 similar	 normalized	 stress	 relaxation	behaviours	to	each	other.		
(a)	 (b)	
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	Figure	 4.11.	 Stress	 relaxation	 curves	 for	 as-cast	 PC53:XNBR	blends	 strained	 to	200%	extension.	The	 time	axis	 is	 set	 to	zero	when	 the	sample	 initially	 reaches	the	target	extension.	Stress	has	been	plotted	in	MPa	for	all	samples	(a)	and	has	been	normalized	 to	 the	stress	at	 time	=	0	 (b).	 In	both	 figures:	PC53	(blue),	1:1	blend	(red),	1:3	blend	(green)	and	XNBR	(purple).		When	 the	 target	extension	 is	 increased	 to	200%,	 there	are	some	differences	 in	the	behaviour	 of	 the	 samples	with	 respect	 to	 each	other.	When	 comparing	 the	absolute	stress	values	(Figure	4.11(a)),	again	the	stress	observed	in	the	samples	increases	 as	 the	 PC53	 content	 increases.	 However,	 the	 increase	 is	 smaller	between	the	samples	than	in	the	samples	strained	to	5%	extension.			When	 comparing	 normalized	 stress	 relaxation	 data	 (Figure	 4.11(b))	 the	 two	blended	 samples	 again	 show	 very	 similar	 stress	 relaxation	 behaviors	 to	 each	other.	The	pure	PC53	sample	appears	 to	show	very	similar	behavior	 to	 the	5%	extension	 results	 for	 PC53.	 The	 XNBR	 sample	 undergoes	 less	 stress-relaxation	during	 this	 experiment	 when	 compared	 to	 the	 5%	 extension	 experiment,	however	a	plateau	value	was	not	reached	after	1800	s	when	stretched	to	200%	extension	for	either	the	XNBR,	or	 for	the	two	blends.	The	stress	 is	still	relaxing	slightly	after	1800	s.						
(a)	 (b)	
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	Figure	 4.12.	 Effect	 of	 heating	 on	 the	 stress	 relaxation	 curves	 for	 PC53:XNBR	blends	for	samples	strained	to	an	extension	of	5%	(a)	and	200%	(b).	Data	for	as-cast	 samples	 are	 presented	 as	 dark	 lines	 and	 samples	 tested	 one	 week	 after	heating	are	presented	as	the	light	lines	in	the	same	colour.	Three	types	of	sample	are	considered:	XNBR	(purple),	1:3	blend	(green)	and	1:1	(red).	The	time	axis	is	set	 to	 zero	 when	 the	 sample	 initially	 reaches	 the	 target	 extension.	 Stress	 has	been	plotted	in	MPa	for	all	samples	(a)	and	has	been	normalized	to	the	stress	at	time	=	0	(b).		In	summary,	stress	relaxation	experiments	have	been	performed	on	samples	of	XNBR,	 a	 1:3	 and	 a	 1:1	 blend	 one	 week	 after	 heating.	 When	 straining	 to	 5%	extension,	 the	 XNBR	 and	 the	 1:1	 blend	 materials	 show	 very	 similar	 behavior	between	 the	 as-cast	 samples	 and	 the	 samples	 tested	 after	 one	 week	 of	 re-crystallization	 time.	 The	 1:3	 sample	 relaxes	 significantly	 more	 after	 re-crystallisation	than	the	as-cast	sample.	The	1:3	samples	also	shows	an	increase	in	stress	at	the	higher	strain,	which	was	not	observed	in	any	other	samples.			When	 straining	 to	 an	 extension	 of	 200%,	 the	 samples	 tested	 one	 week	 after	heating	all	relax	less	over	a	30	minute	period	than	do	the	as-cast	samples	of	the	same	 material.	 No	 increase	 in	 stress	 can	 be	 observed	 in	 any	 of	 the	 samples	strained	to	an	extension	of	200%.			The	use	of	power	 law	relationships	to	 interpret	stress	relaxation	data	was	 first	presented	 by	 Chasset	 and	 Thirion[3].	 The	 equation	 shown	 below	 allows	 some	material	parameters	 to	be	 found	and	holds	 true	 for	 temperatures	at	which	 the	material	undergoes	no	chemical	reaction	or	degradation	during	the	experiment.			 𝐸 𝑡 = 𝐸!(1+ ( 𝑡𝜏!)!!)	 (Eq.	4.1)	
E(t)	is	the	isothermal	relaxation	modulus,	m	and	τ0	are	material	parameters,	and	
E∞	 is	 the	equilibrium	modulus.	This	relationship	 is	valid	 for	 large	 times,	 t.	This	equation	is	applicable	to	uniformly	cross-linked	networks,	the	blended	materials	I	have	studied	contain	crystallites	which	are	not	accounted	for	in	this	model.		The	nature	of	 the	material	parameters	and	the	equilibrium	modulus	have	been	studied	elsewhere	 in	 systems	with	 fixed	 cross-link	densities.	 Samples	 tested	at	
(a)	 (b)	
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varying	 temperatures	 showed	 time-temperature	 superposition	 behaviour,	implying	that	E∞	and	τ0	are	dependent	on	temperature	whilst	m	is	not.		Dickie	and	Ferry	performed	time-temperature	experiments	at	a	range	of	cross-link	 densities	 and	 found	 that	 separate	 time-temperature	 super-position	 curves	could	be	produced	 for	 each	 cross-link	density[4].	 Analysis	 of	 the	 results	 found	the	all	three	variable,	E∞,	τ0	and	m,	are	dependent	on	cross-link	density.			Curro	and	Pincus	derived	an	equation,	shown	below,	to	relate	the	exponent,	m,	to	the	degree	of	cross-linking,	v[5].		 𝑚 = 𝑣𝛼𝜌	 (Eq.	4.2)	where	ρ	is	the	chain	segments	per	unit	volume	and	α	is	a	material	constant.	From	this	 equation	 m	 is	 directly	 proportional	 to	 the	 degree	 of	 crosslinking	 in	 the	sample.			Table	 4.1.	 Summary	 of	 the	 power-law	 exponent,	m,	 of	 curves	 fitted	 to	 stress	relaxation	curves	of	PC53:XNBR	blends.		Material	 As-cast	 1	week	after	heating	5%	strain	 200%	strain	 5%	strain	 200%	strain	PC53	 0.10	 0.09	 Not	tested	 Not	tested	1:1	Blend	 0.20	 0.26	 0.17	 0.23	1:3	Blend	 0.25	 0.28	 0.32	 0.32	XNBR	 0.34	 0.26	 0.39	 0.34		The	 power-law	 exponent,	m,	 has	 been	 summarized	 for	 all	 samples	 tested	 in	Table	4.1.	With	the	exception	of	as-cast	samples	strained	to	200%	extension,	all	of	the	sample	conditions	show	an	increase	in	the	power	law	exponent,	m,	as	the	XNBR	 content	 is	 increased	 (Table	 4.1).	 This	 suggests	 that	 there	 is	 a	 greater	degree	of	cross-linking	in	the	XNBR	than	in	the	PC53,	to	be	expected	given	that	a	low	level	of	cross-linking	is	required	to	allow	crystallization	to	occur.			Table	4.2.	Summary	of	the	material	parameter,	τ0,	(in	units	of	s)	of	curves	fitted	to	stress	relaxation	curves	of	PC53:XNBR	blends.		Material	 As-cast	 1	week	after	heating	5%	strain	 200%	strain	 5%	strain	 200%	strain	PC53	 730	 132	 Not	tested	 Not	tested	1:1	Blend	 2000	 7850	 6450	 4820	1:3	Blend	 15,600	 13,100	 5620	 24,800	XNBR	 3520	 24,000	 6580	 22,500		Table	 4.2	 summarizes	 the	 material	 parameter	 τ0	 for	 both	 as-cast	 and	 1	 week	after	 heating	 samples.	 Both	 of	 the	 strain	 steps	 used	 are	 shown.	 The	 PC53	samples	have	the	lowest	values	of	τ0,	and	in	general	the	values	increase	as	XNBR	content	 increases.	No	consistent	changes	can	be	observed	in	the	data	when	the	strain	rate	or	the	samples	thermal	histories	are	changed.	The	experiments	were	performed	 in	 a	 laboratory	 that	 was	 not	 temperature	 controlled,	 so	 small	temperature	differences	may	account	for	the	lack	of	consistent	trends	in	the	data.	
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Additionally,	the	presence	of	crystallinity	in	some	of	the	samples	means	that	the	equation	for	E(t)	is	not	strictly	applicable.		Table	4.3.	Summary	of	the	equilibrium	modulus,	E∞,	(in	Pa	units)	of	curves	fitted	to	stress	relaxation	curves	of	PC53:XNBR	blends.		Material	 As-cast	 1	week	after	heating	5%	strain	 200%	strain	 5%	strain	 200%	strain	PC53	 5.55	x106	 3.93	x105	 Not	tested	 Not	tested	1:1	Blend	 1.50	x106	 1.59	x105	 2.51	x106	 1.58	x105	1:3	Blend	 4.40	x105	 7.49	x104	 2.26	x105	 4.40	x104	XNBR	 1.14	x105	 2.63	x104	 1.12	x105	 3.64	x104		A	 summary	 of	 the	 equilibrium	modulus,	E∞,	 of	 all	 samples	 tested	 is	 shown	 in	Table	4.3.	Across	all	sample	and	test	conditions	the	equilibrium	modulus	rises	as	the	 PC53	 content	 of	 the	material	 is	 increased.	Whilst	 the	 equilibrium	modulus	has	 been	 shown	 to	 be	 affected	 by	 temperature	 and	 cross-link	 density	 in	 the	literature,	the	degree	of	crystallinity	in	the	sample	is	 likely	a	key	contributor	in	determining	the	value	of	E∞.		4.4.2	Dynamic	Mechanical	Analysis		As	 with	 the	 PC53:PC94	 blends,	 temperature	 sweep	 experiments	 have	 been	performed	on	all	of	the	samples	studied	in	the	chapter,	including	the	PC53	with	ZnO	added.	The	effects	of	the	re-crystallization	process	on	the	storage	modulus	have	also	been	studied.			
	Figure	4.13.	DMA	temperature	sweeps	for	the	as-cast	samples	of	PC53	(blue)	and	PC53	with	1	wt	%	ZnO	added	(red).			Figure	 4.13	 shows	 DMA	 temperature	 sweeps	 of	 the	 storage	modulus	 for	 pure	PC53	and	for	PC53	with	ZnO	added.	Two	transitions	are	observed	as	sharp	drops	in	 the	 storage	modulus	as	 temperature	 increases.	The	 first	drop	 in	 the	 storage	modulus,	 around	 -40	 °C,	 is	 attributed	 to	 the	 glass	 transition	 of	 the	 amorphous	
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component.	The	second	drop	in	the	storage	modulus,	around	35	°C,	is	attributed	to	the	crystal	melting.			The	addition	of	ZnO	appears	to	result	in	an	increase	in	the	temperatures	of	both	the	glass	transition	and	the	onset	of	crystal	melting.	There	is	little	change	in	the	plateau	 storage	modulus	 between	 the	 glass	 transition	 and	 the	 onset	 of	 crystal	melting	when	ZnO	is	added.	This	result	indicates	that	the	ZnO	is	not	functioning	as	 a	 filler,	 either	because	of	 its	 low	content	or	because	 it	 has	 largely	dissolved	into	the	polymer	phase.		
	Figure	 4.14.	 Results	 of	 DMA	 temperature	 sweeps	 for	 as-cast	 blends	 of	PC53:XNBR	with	ZnO	added:	PC53	(blue),	1:1	blend	(green),	1:3	blend	(purple)	and	XNBR	(red).		When	comparing	DMA	temperature	sweeps	of	PC53:XNBR	blends	(Figure	4.14)	a	difference	 in	 the	 glass	 transition	 temperatures	 can	be	 observed	between	PC53	(blue)	and	XNBR	(red).	An	intermediate	gradient	in	the	storage	modulus	can	be	found	between	 the	 transition	 temperatures	 in	 the	1:1	 (green)	and	1:3	 (purple)	blends.	 In	this	region,	poly(chloroprene)	crystals	exists	 in	a	melted	matrix.	The	downward	 slope	 shows	 some	 softening	 in	 the	 melted	 phase.	 The	 storage	modulus	is	significantly	higher	in	the	1:1	blend	than	in	the	1:3	blend	because	of	the	presence	of	 the	 crystalline	poly(chloroprene).	That	 is,	 the	 storage	modulus	between	the	glass	transition	and	crystal	melting	temperatures	drops	as	the	PC53	content	is	decreased,	as	is	expected	for	a	polymer	blend	decreasing	in	crystalline	content.	There	is	no	evidence	of	crystallisation	in	the	XNBR	sample,	as	expected.		4.5	Conclusions		In	this	chapter,	the	effects	of	blending	two	different	types	of	polymers	together,	one	amorphous	and	one	partially	crystalline,	have	been	studied.	The	focus	of	the	work	has	been	on	the	mechanical	and	viscoelastic	properties	of	the	materials	and	their	resulting	blends.			
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When	blending	PC53	and	XNBR,	intermediate	mechanical	properties,	such	as	the	strain	at	failure,	the	Young’s	modulus,	and	the	breaking	energy	are	found	in	the	resulting	blends.	A	blend	of	1:1	PC53:XNBR	 in	order	 to	 ensure	 some	change	 is	seen	in	all	mechanical	properties	in	comparison	to	the	pure	XNBR.			Stress	 relaxation	 experiments	 have	 shown	 a	 greater	 degree	 of	 relaxation	 in	XNBR	than	in	PC53,	however	the	two	blends	tested	had	very	similar	degrees	of	stress	relaxation	despite	the	difference	in	crystalline	content.	Fitting	the	data	to	power-law	equations	for	elastomers	does	show	some	trends,	such	as	an	increase	in	the	power-law	exponent	as	the	PC53	content	increases.	However,	the	presence	of	crystalline	content	in	the	samples	means	this	method	of	analysis	is	not	ideal	as	they	are	not	pure	elastomeric	polymers.			DMA	 temperature	 sweeps	 performed	 on	 as-cast	 PC53	 with	 and	 without	 ZnO	added	have	shown	 that	adding	ZnO	 to	PC53	results	 in	a	 small	 increase	 in	both	the	glass	 transition	and	melting	 temperatures.	Temperature	sweeps	performed	on	blends	of	PC53	and	XNBR	show	a	decreasing	modulus	in	the	region	between	the	 glass	 transition	 and	 crystal	 melting	 temperatures	 as	 the	 PC53	 content	decreases.	This	is	consistent	with	reducing	crystallinity	in	the	samples	and	is	in	agreement	with	trends	seen	in	the	Young’s	modulus	results.		4.6	References		1.	 Private	correspondence	with	Synthomer	(UK)	Ltd.	2.	 Aquadispersions	product	website	available	from:	http://aquaspersions.co.uk/products/vulcanising-agents/50-zinc-oxide/;	accessed	01/06/2018.	3.	 Chasset,	R.,	Thirion,	P.,	Proceedings	of	the	Conference	on	Physics	of	Non-
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Chapter	5			Surfactant	Exudation	and	Film	Formation		in	Coagulant	Dipped	XNBR	Films			In	 this	 chapter,	 surfactant	 exudation	 is	 investigated	 in	 Carboxylated	 Nitrile-Butadiene	Rubber	 (XNBR).	The	effects	of	 film	drying	 temperature	and	 leeching	medium	 have	 been	 studied.	 Surfactant	 exudation	 is	 an	 important	 issue	 in	 the	industrial	 production	of	 latex	 gloves;	 if	 the	 surfactant	 cannot	be	 removed	 then	end-users	 may	 find	 the	 gloves	 to	 have	 a	 slick	 soapy	 feel	 to	 them.	 Surfactant	exudation	 when	 the	 gloves	 are	 in	 use	 can	 be	 problematic	 in	 applications	 that	require	sterile	or	uncontaminated	conditions.			The	 coagulation	 of	 waterborne	 colloidal	 particles	 in	 the	 presence	 of	 a	destabilising	salt	has	been	studied	using	particle-tracking	analysis.	This	research	may	 give	 insight	 into	 the	 variable	 which	 effect	 the	 coagulant-dipping	 process,	allowing	the	process	to	be	tailored	to	the	specifications	required	of	the	film.		5.1	Materials	and	Methods		5.1.1	Carboxylated	Nitrile	Butadiene	Rubber	(XNBR)		An	XNBR	latex	was	provided	by	Synthomer	for	use	in	this	project.	The	latex	was	produced	by	emulsion	polymerisation,	and	the	abundances	of	the	monomers	are	shown	 in	 Table	 5.1.	 Sodium	 dodecylbenzenesulfonate	 (SDBS)	 was	 used	 as	 a	surfactant	 to	 stabilise	 the	 emulsion	 during	 the	 polymerization	 and	 to	 prevent	flocculation.	SDBS	is	present	at	a	concentration	of	2.6	wt%	on	the	polymer	mass.	The	 wet	 latex	 also	 contains	 potassium	 hydroxide	 (KOH),	 which	 is	 used	 in	production	to	alter	the	pH.		Table	5.1.	Composition	of	Monomers	in	the	XNBR	Latex.	Monomer	 Concentration	(weight	%)	Butadiene	 57.9	Acrylo-Nitrile	 35.0	Methacrylic	Acid	 5.0		5.1.2	Coagulant	Dipping		Films	were	produced	by	 coagulant	dipping.	A	 tensile	 apparatus	 (Surface	Micro	Systems	Texture	Analyser)	was	used	in	the	dipping	process	to	provide	a	way	of	holding	the	substrate	(i.e.	former)	vertically	and	to	allow	the	withdrawal	rate	to	be	 controlled.	 	 50	x	22	x	0.18	mm	glass	 slides	were	used	as	 substrates	 for	 the	film.	Firstly	the	slides	were	submerged	in	a	beaker	of	acetone	and	sonicated	for	5	minutes.	 Following	 that	 the	 slides	 were	 removed	 from	 the	 acetone	 with	
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tweezers,	dried	with	nitrogen	gas	and	 then	placed	 in	a	UV-Ozone	cleaner	 for	a	further	five	minutes.		The	slide	was	then	dipped	into	an	aqueous	solution	of	18	w/v%	calcium	nitrate	and	 2	 w/v%	 calcium	 carbonate	 and	 immediately	 withdrawn	 at	 a	 rate	 of	 1	mm/sec.	The	slide	was	then	transferred	to	an	oven	set	to	65°C	and	suspended	by	paper	clips	to	dry.				When	dried,	the	slide	was	re-attached	to	the	tensile	apparatus	and	dipped	into	a	beaker	of	the	XNBR	latex.	The	slide	was	held	stationary	in	the	latex	for	a	period	of	time	ranging	between	30	second	and	50	minutes,	before	being	withdrawn	at	a	set	rate	of	1	mm/sec.	(In	this	process,	the	coated	salt	layer	dissolves	in	the	wet	latex,	which	 is	 then	de-stabilised	and	coagulates	on	 the	substrate	surface.)	The	coated	slide	was	returned	to	the	oven	at	either	65°C	or	110°C	to	allow	the	film	to	partially	dry.	The	slide	was	left	in	the	oven	for	20	minutes	if	the	oven	was	at	65°C	or	7	minutes	if	the	oven	was	at	110°C.			The	slide	is	dipped	into	the	latex	again,	without	a	second	dipping	in	the	coagulant	solution,	and	held	in	the	latex	for	the	same	period	of	time	as	in	its	first	latex	dip.	The	slide	is	returned	to	the	oven	at	the	same	temperature	as	before.	The	slide	is	left	in	the	oven	for	a	further	7	minutes	if	it	is	at	110°C,	and	until	the	film	is	clear	if	the	oven	is	at	65°C.			5.2	Surfactant	at	the	Film-Air	Interface		Initial	 experiments	 were	 performed	 to	 investigate	 the	 effect	 of	 the	 coagulant	dipping	process	on	the	surface	of	the	film.	Height	and	phase	images	were	taken	of	 a	 coagulant-dipped	 film	 followed	 by	 a	 coagulant-dipped	 film	 that	 had	 been	dipped	a	second	time.	The	two	sets	of	images	were	compared.		
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	Figure	5.1.	20	µm	x	20	µm	AFM	height	 (left	 column)	and	phase	 (right	 column)	images	 for	 a	 single-dipped	 (top	 row)	 and	 a	 double-dipped	 (bottom	 row)	 latex	film.	
	The	comparison	in	Figure	5.1	shows	that	the	single-dipped	film	appears	visibly	rougher	than	the	double	dipped	film.	There	are	many	dark	valleys	and	points	in	the	single	dipped	film.	As	the	AFM	tip	cannot	probe	through	the	entire	depth	of	the	 film,	 it	 is	 not	 possible	 to	 determine	 if	 some	 of	 these	 points	 are	 pinholes	through	the	 film.	 In	 the	double-dipped	 film,	 there	are	 two	tall	 features	 that	are	suggested	 to	 be	 either	 surfactant	 or	 salt	 crystals	 on	 the	 surface	 of	 the	 film.	 If	those	 features	 are	 discounted,	 the	 film	 is	 noticeably	 smoother	 than	 the	 single-dipped	film.		Table	5.2.	Roughness	Values	Taken	 from	2µm	x	2	µm	AFM	 images	of	Coagulant	Dipped	Films.	Film	 Average	Roughness	(nm)	 Root-Mean-Squared	Roughness	(nm)	Single	Dip	 7.6	 10.5	Double	Dip	 1.2	 1.5		Roughness	analysis	was	performed	on	smaller	 images	of	2	µm	×	2	µm.	Smaller	images	 were	 chosen	 for	 the	 roughness	 analysis	 as	 this	 allows	 the	 particle	packing	to	be	looked	at	and	minimises	the	effects	of	larger	scale	roughness	such	as	 ‘undulating’	 valleys	 and	 peaks	 in	 the	 film.	 These	 findings	 are	 presented	 in	Table	5.2	and	show	clearly	that	the	single	dipped	film	is	much	rougher	than	the	double	dipped	 film.	This	 is	 likely	due	 to	 the	second	dipping	process	depositing	latex	in	the	valleys	and	pinholes,	which	makes	the	film	smoother	and	improves	barrier	properties.	
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	An	 experiment	was	 performed	 in	 an	 attempt	 to	 learn	more	 about	 the	 features	seen	 in	 the	double-	dipped	 film.	A	 film	was	 imaged	after	 it	was	dried.	The	 film	was	then	rinsed	under	DI	water	for	one	minute,	dabbed	dry	with	a	paper	towel,	and	then	imaged	again.	
	Figure	5.2.	100	µm	x	100	µm	AFM	height	(left	column)	and	phase	(right	column)	images	for	a	double	dipped	film	before	(top	row)	and	after	(bottom	row)	rinsing	with	DI	water	for	1	minute.	
	Prior	to	rinsing	a	large	number	of	pale	features	can	be	seen	in	the	100	µm	×	100	µm	phase	image	(Figure	5.2).	Looking	at	higher	resolution,	in	the	20	µm	×	20	µm	image	 (Figure	 5.3),	 the	 features	 appear	 angular,	 suggesting	 they	 could	 be	 a	crystalline	 form	 of	 either	 SDBS	 or	 salts	 from	 the	 coagulant	 dipping	 process.	When	the	2	µm	×	2	µm	image	is	studied,	individual	particles	are	non-circular	in	shape,	appearing	as	mis-shapen	‘blobs’.		
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	Figure	5.3.	20	µm	x	20	µm	AFM	height	 (left	 column)	and	phase	 (right	 column)	images	for	a	double	dipped	film	before	(top	row)	and	after	(bottom	row)	rinsing	with	DI	water	for	1	minute.	
	In	 comparison,	 after	 rinsing	 there	 are	 far	 fewer	 of	 the	 pale	 angular	 features	present	 in	the	100	µm	×	100	µm	images.	This	suggests	that	the	rinsing	process	has	 removed	 these	 features,	 which	 could	 point	 to	 them	 being	 hydrophilic	 or	water-soluble	compounds.		
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	Figure	 5.4.	 2	 µm	 x	 2	 µm	 AFM	 height	 (left	 column)	 and	 phase	 (right	 column)	images	for	a	double-dipped	film	before	(top	row)	and	after	(bottom	row)	rinsing	with	DI	water	for	1	minute.	
	When	looking	at	the	2µm	x	2µm	images,	the	particles	appear	mostly	circular	in	shape,	in	contrast	to	the	‘blobs’	prior	to	rinsing.	This	suggests	that	small	amounts	of	materials	residing	in	between	polymer	particles	are	also	being	washed	away	during	the	rinsing	process.	They	could	be	re-associating	in	the	circular	features.		The	composition	of	the	pale	angular	features	seen	in	the	pre-rinsed	film	cannot	be	 determined	 from	 AFM	 analysis	 alone.	 However,	 some	 experiments	 were	conducted	 to	 see	 if	 they	 could	 be	 replicated	by	 the	 deposition	 of	 surfactant	 or	salt,	both	of	which	were	suspected	of	being	the	source	of	the	features.	Two	films	were	rinsed	with	DI	water	then	were	rinsed	with	either	a	salt	or	SDBS	solution	after	drying.	The	salt	solution	was	the	same	salt	solution	used	 in	 the	coagulant	dipping	process,	and	the	SDBS	solution	had	a	concentration	of	5	x	10-2	mol/L.		
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	Figure	5.5.	20	µm	x	20	µm	AFM	height	 (left	 column)	and	phase	 (right	 column)	images	 for	 a	 double-dipped	 film	 before	 (top	 row)	 and	 after	 washing	 (bottom	row)	with	the	coagulation	salt	solution.		The	images	of	the	salt-washed	slide	do	not	show	the	pale	angular	features	seen	on	the	phase	image	of	un-rinsed	films.	(Figure	5.5)	However,	there	are	some	tall	isolated	 peaks	 which	 may	 correspond	 to	 salt	 nano-crystals	 deposited	 on	 the	surface	of	the	film.	This	suggests	that	there	are	no	large	salt	crystals	present	on	the	surface	of	the	coagulant-dipped	films.			
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	Figure	5.6.	20	µm	x	20	µm	AFM	height	 (left	 column)	and	phase	 (right	 column)	images	 for	 a	 double-dipped	 film	 before	 (top	 row)	 and	 after	 washing	 (bottom	row)	with	a	5	x	10-2	mol/L	SDBS	solution.	
	The	 images	 of	 the	 SDBS-washed	 film	 surface	 (Figure	 5.6)	 do	 show	 the	 pale	angular	features	seen	on	the	phase	image	of	un-rinsed	films.	This	indicates	that	the	SDBS	could	be	the	source	of	the	pale	angular	features	seen	on	the	surface	of	the	coagulant	dipped	films.		5.3	SDBS	Leaching	Behaviour		Initially,	UV	absorbance	spectra	were	acquired	using	SDBS	solutions	with	known	concentrations	 (figure	 5.7).	 The	 UV	 absorbance	 at	 260nm	 has	 been	 plotted	against	 concentration	 in	 figure	 5.8	 and	 an	 increase	 in	 absorbance	 is	 seen	with	increasing	 SDBS	 concentration,	 in	 line	 with	 the	 relationship	 reported	 in	 the	literature[1].	From	the	mass	of	a	typical	film,	and	SDBS	concentration	in	the	latex	of	2.6	%,	 it	was	decided	to	use	6	ml	of	 leaching	medium.	This	amount	of	water	will	 ensure	 that	 if	 100	 %	 of	 surfactant	 is	 leached	 it	 will	 fall	 within	 the	concentrations	used	in	the	calibration	data.	
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	Figure	5.7.	 	Absorption	of	different	concentrations	of	SDBS	in	DI	water	(mol/L)	(identified	in	the	legend)	at	wavelengths	between	200	nm	and	300	nm.			The	 calibration	 measurements	 were	 repeated	 four	 times	 on	 different	 days.	Whilst	the	relationship	between	absorbance	and	concentration	remained	linear,	there	were	slight	changes	in	the	values	as	shown	in	Figure	5.8.	Due	to	this,	it	was	decided	to	take	measurements	of	two	known	samples	(9.9	×10-5	mol/L	and	7.5	×10-3	mol/L)	prior	to	any	leaching	experiments;	these	values	were	used	to	find	the	linear	relationship	to	convert	absorbance	into	SDBS	concentration.	
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	Figure	5.8.	Absorbance	at	260	nm	for	calibration	samples	of	SDBS	in	DI	water.	
	Leaching	 experiments	 were	 performed	 on	 coagulant	 dipped	 films	 over	 the	course	of	24	hours,	with	 the	majority	of	measurements	being	 taken	 in	 the	 first	six	hours.	These	measurements	allow	two	different	phenomena	to	be	looked	at:	(1)	 short-term	 leaching	 of	 surfactant	 (i.e.	 when	 being	 leached	 in	 the	manufacturing	process)	and	(2)	 long-term	surfactant	 leaching	(i.e.	when	gloves	are	worn	for	a	long	term	such	as	during	surgery).		
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	Figure	5.9.	Absorption	Spectra	for	a	Film	Dried	at	65°C	and	Leached	in	DI	Water.	
	Figure	 5.9	 shows	 the	 absorption	 spectra	 for	 an	 NBR	 film	 dried	 at	 65	 C	 and	leached	 in	 DI	 water.	 There	 is	 a	 rising	 background	 absorbance	 across	 the	spectrum	studied,	 shown	 in	 figure	5.9,	and	when	measurements	are	 taken	 into	the	 visible	 range	 (up	 to	 900	 nm)	 increasing	 absorbance	 can	 be	 seen	 at	 all	wavelengths.	As	a	result,	 it	 is	not	possible	 to	attribute	 the	rising	absorbance	 to	SDBS	alone.			It	 is	 believed	 that	 the	 leaching	 of	 materials	 from	 the	 latex	 films	 is	 a	 Fickian	diffusion	based	process[2].	In	such	a	process	the	diffusion	distance	of	a	particle	is	proportional	to	the	square	root	of	time.	As	a	result	the	amount	of	mass	diffused	should	increase	linearly	with	the	square	root	of	time[2].		When	looking	at	the	absorbance	against	the	square	root	of	time	plot	(Figure	5.9),	two	distinct	regions	can	be	identified.	In	the	first	10	minutes	there	is	a	fast	rate	of	 increase,	 followed	 by	 a	 smaller	 rate	 of	 increase	 in	 absorbance	 for	 the	remaining	time.	This	likely	corresponds	to	fast	desorption	of	materials	from	the	surface	 of	 the	 film,	 followed	 by	 slower	 diffusion	 of	 materials	 removed	 from	below	 the	 surface	of	 the	 film.	However,	 it	 is	 unclear	whether	 absorption	has	 a	linear	relationship	with	the	amount	of	material	desorbed	from	the	film.		This	 absorption	 is	 indicative	 of	 background	 scattering	 from	 small	 particulates	and	is	not	indicative	of	any	specific	molecule	in	the	leach	sample.	When	visually	observing	the	 leaching	medium,	small	particulates	can	be	seen	which	are	 likely	
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to	 be	 the	 cause	 of	 the	 observed	 light	 scattering.	 However,	 the	 presence	 of	 the	peak	at	 around	230	nm	does	 indeed	 indicate	 that	 there	 is	 SDBS	present	 in	 the	leach	water	in	addition	to	the	particulates.			
	Figure	5.10.	A	plot	of	absorbance	at	260	nm	against	the	square	root	of	time	for	a	film	dried	at	65	°C	and	leached	in	DI	Water.	Dashed	lines	are	added	to	emphasize	the	two	regions	of	different	gradients.		Further	experiments	were	performed	to	investigate	the	effects	of	the	presence	of	an	electrolyte	in	the	leach	medium	and	the	temperature	of	drying	on	the	leaching	process.	 No	 significant	 effects	 on	 the	 leaching	 behaviour	 of	 latex	 films	 were	observed.	Two	distinct	regions	can	still	be	seen	in	the	absorbance	against	square	root	 of	 time	 plots,	 and	 hence	 the	 process	 still	 appears	 to	 be	 due	 to	 an	 initial	rinsing	 of	molecule	 at	 the	 surface	 followed	 by	 a	 slower	 diffusion	 of	molecules	from	the	bulk	of	the	film.			5.4	Leaching	of	Surface	Active	Molecules		To	 calculate	 the	 critical	 micelle	 concentration	 (CMC)	 and	 minimum	 value	 of	surface	 tension	 for	 an	 SDBS	 in	water	 solution,	 concentrations	 of	 SDBS	 ranging	between	 1	 ×	 10-6	 mol/L	 and	 5	 ×	 10-3	 mol/L.	 Ten	 repeat	 measurements	 were	taken	of	one	sample	 in	order	 to	estimate	the	uncertainty	 in	 the	measurements.	The	 surface	 tension	 values	 were	 plotted	 against	 the	 SDBS	 concentration	 to	construct	the	adsorption	isotherm;	these	results	are	shown	in	Figure	5.11.	
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	Figure	 5.11.	 The	 adsorption	 isotherm	 for	 known	 concentrations	 of	 SDBS	 in	 DI	water	solution.	
	The	CMC	was	identified	as	the	point	at	which	the	surface	tension	of	the	solution	stopped	 decreasing	 once	 experimental	 uncertainties	 were	 taken	 into	 account.	The	CMC	was	found	to	be	1.67	±	0.34	×10-3	mol/L,	which	is	agreement	with	value	of	1.78	×10-3	mol/L	quoted	in	literature[3].	The	surface	tension	of	an	SDBS	at	or	above	CMC	was	 found	 to	be	35	±1	mN/m,	 also	 in	 agreement	with	 the	value	of	35.1	mN/m	quoted	 in	 literature[4].	Using	 the	adsorption	 isotherm	we	can	 find	the	concentration	of	an	SDBS	solution	from	a	measurement	of	surface	tension.		Table	5.3	 shows	 the	 surface	 tension	values	of	 the	 leach	water	 samples	 created	during	the	UV-Vis	spectroscopy	experiments,	 the	quoted	uncertainty	was	taken	from	the	previous	experiment	with	SDBS	solutions.	The	majority	of	the	samples	tested	appear	to	be	at	or	below	the	CMC	for	SDBS	in	water.	The	110°C	dried	film	leached	 in	 KOH	 has	 a	 surface	 tension	 above	 the	 value	 found	 for	 the	 CMC	 for	SDBS.	 This	 leached	 film	 had	 a	 lower	mass	 than	 the	 others	 used	 in	 this	 study,	which	resulted	in	less	surface-active	molecules	being	exuded	from	the	film.	Due	to	 there	 being	 small	 particulates	 in	 the	 leach	 water	 samples,	 there	 will	 be	uncertainties	in	the	density	measurements	used	to	calculate	the	surface	tension	values.								
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Table	5.3.	Surface	Tension	Measurements	of	Leaching	Water.	Film	 Drying	 Temperature	(°C)	 Leaching	Medium	 Surface	Tension	(±0.9mN/m)	65	 DI	Water	 32.3	110	 DI	Water	 30.9	65	 NaOH	Solution	 34.5	110	 NaOH	Solution	 31.8	65	 KOH	Solution	 28.9	110	 KOH	Solution	 47.2	Pre-made	Glove	 DI	Water	 27.6		Interestingly,	 the	majority	of	 the	 surface	 tension	values	 are	below	 the	value	at	the	 CMC	 for	 SDBS	 in	 water.	 This	 result	 suggests	 that	 there	 are	 other	 surface-active	molecules	present	in	the	leach	water	samples.			Further	 surface	 tension	 experiments	 were	 performed	 to	 track	 the	 change	 in	surface	tension	of	the	leaching	medium	during	the	leaching	process.	To	do	this,	films	were	leached	in	6	ml	of	water	in	a	small	glass	sample	bottle	as	in	the	UV-Vis	Spectroscopy	 experiments;	 the	 surface	 tension	 of	 the	 leaching	 medium	 was	measured	 at	 different	 times	 during	 this	 process.	 Results	 were	 taken	 until	 the	surface	 tension	of	 the	 leaching	medium	had	reached	equilibrium.	Two	samples	were	tested;	one	film	dried	at	65°C	and	leached	in	DI	water,	and	one	film	dried	at	110°C	and	leached	in	KOH	solution.		
	Figure	 5.12.	 Time	 dependence	 of	 the	 surface	 tension	 of	 leach	medium	 for	 two	films.	One	dried	at	65	°C	and	leached	in	DI	Water	(purple),	and	one	dried	at	110	°C	and	leached	in	a	KOH	solution	(blue).	
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	In	 Figure	 5.12	 the	 surface	 tension	 measurements	 taken	 during	 the	 leaching	process	can	be	seen.	The	film	dried	at	65°C	reaches	equilibrium	in	approximately	90	minutes.	 	The	110°C	dried	 film	reaches	equilibrium	faster,	 in	approximately	25	 minutes.	 This	 may	 be	 due	 to	 the	 higher	 drying	 temperature	 leading	 to	 a	greater	 amount	 of	 surface-active	materials	 being	 exuded	 to	 the	 surface	 of	 the	film.	Both	 films	 reached	equilibrium	at	 a	 surface	 tension	value	of	 less	 than	 the	value	 of	 35	mN/m	 found	 for	 SDBS	 above	 the	 CMC,	 suggesting	 that	 the	 outlier	result	for	a	film	dried	at	110°C	and	leached	in	KOH	solution	for	24	hours	was	due	to	the	film	having	a	lower	mass	than	the	other	films	leached.		5.5	Film	Exudates		The	 first	 round	 of	 SIMS	 experiments	 focused	 on	 investigating	 the	 leach	water	samples	 produced	 from	 the	 UV-Vis	 experiments,	 in	 particular	 to	 look	 for	 any	differences	 in	 the	molecules	 leached	when	the	 temperature	and	medium	of	 the	leaching	medium	is	altered.	A	droplet-cast	film	and	a	sample	of	pure	SDBS	were	also	studied,	as	reference	samples	to	aid	in	the	data	interpretation.	The	aim	was	to	confirm	the	presence	of	SDBS	in	the	leach	water	samples	and	to	identify	some	of	 the	 other	 molecules	 present.	 	 For	 each	 sample,	 three	 sets	 of	 positive	 and	negative	ion	spectra	were	taken	at	different	locations	across	the	sample	surface.	There	were	no	significant	differences	between	locations	for	all	samples.	A	list	of	all	the	samples	tested	can	be	found	in	table	5.4		Table	5.4.	SIMS	Samples:	Round	One.	
		To	 aid	 	 analysis	 of	 	 the	 SIMS	 data,	 a	 table	 of	 characteristic	 peaks	 for	 the	monomers	present	 in	 the	 latex	and	SDBS	has	been	produced.	 It	 can	be	 seen	 in	Appendix	2.			Additionally,	for	four	of	the	samples	((1)	the	SDBS	samples,	(2)	the	droplet	cast	latex	film,	(3)	the	sample	of	leaching	water	from	film	dried	at	65°C	and	leached	in	DI	 water,	 and	 (4)	 the	 leaching	 water	 from	 the	 leaching	 of	 a	 pre-made	 glove)	tables	have	been	produced	which	record	every	peak	which	is	visible	to	the	eye.	To	identify	these	peaks	each	spectrum	was	normalised	to	the	total	counts	of	the	spectrum;	peaks	were	identified	by	eye	as	either	strong,	medium,	or	weak.	These	
Latex	Film	(as	a	reference)	1x10-2	mol/L	SDBS	Solution	(as	a	reference)	Leach	Water	from	65°C	dry	film	leached	in	DI	Water	Leach	Water	from	110°C	dry	film	leached	in	DI	Water	Leach	Water	from	65°C	dry	film	leached	in	NaOH	Solution	Leach	Water	from	110°C	dry	film	leached	in	NaOH	Solution	Leach	Water	from	65°C	dry	film	leached	in	KOH	Solution	Leach	Water	from	110°C	dry	film	leached	in	KOH	Solution	Leach	Water	from	Glove	leached	in	DI	Water	
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results	 are	 presented	 in	 Appendices	 3	 and	 4	 (for	 positive	 and	 negative	 ion	spectra	respectively)			
	Figure	5.13.	The	positive	ion	spectra	of	the	pure	SDBS	sample.	Notable	peaks	are	annotated	on	the	plot.		
	The	pure	SDBS	sample	allowed	some	characteristics	peaks	to	be	identified	which	could	 then	 be	 used	 as	 a	 fingerprint	 spectrum	 and	 sought	 in	 the	 leach	 water	samples	 to	 confirm	 the	 presence	 of	 SDBS.	 In	 the	 positive	 ion	 spectra	 (Figure	5.13),	the	peak	at	63	m/z	was	chosen	and	was	identified	as	Na2OH+.	The	Na2OH+	is	 not	 a	 secondary	 fragment	 of	 the	 material,	 but	 it	 occurs	 due	 to	 multiple	secondary	fragments	combining	within	the	vacuum	to	form	an	ion	that	wouldn’t	usually	be	found	in	SDBS[5].	The	Na+	at	23	m/z	was	discounted	as	the	leaching	samples	 that	 used	 an	NaOH	 solution	 as	 the	 leaching	medium	would	 have	Na+	ions	present	regardless.		
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	Figure	5.14.	The	negative	ion	spectra	of	the	pure	SDBS	sample.	Notable	peaks	are	annotated	on	the	plot.		From	 the	 negative	 ion	 spectra	 of	 SDBS	 (Figure	 5.14),	 multiple	 peaks	 were	identified.	The	lower	mass	fragments	are	combinations	of	carbon,	hydrogen	and	oxygen,	 which	 will	 also	 be	 found	 in	 the	 XNBR	molecules.	 Hence,	 they	 are	 not	useful	as	a	“fingerprint”	for	SDBS.	The	peaks	at	63	and	80	m/z,	corresponding	to	SO2-	 and	 SO3-,	were	 identified	 as	 characteristic	 peaks,[6]	which	 can	 be	 used	 to	confirm	the	presence	of	SDBS	in	leach	water	samples.			When	comparing	 the	SDBS	 ion	spectra	 to	 the	 ion	spectra	 from	 the	 leach	water	sample	taken	from	the	65	°C	dried	film	leached	in	DI	water,	it	is	clear	that	there	are	other	molecules	present	 in	 the	 leach	water	sample.	All	of	 the	characteristic	peaks	identified	for	SDBS	can	be	seen	in	the	leach	water	sample,	confirming	the	presence	of	SDBS	in	the	leach	water.		
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	Figure	5.15.	A	comparison	between	the	normalised	positive	spectra	of	pure	SDBS	and	the	leaching	water	from	a	film	dried	at	65°C	and	leached	for	24	hours	in	DI	water.	The	leach	water	spectrum	is	inverted	to	aid	visual	comparison.		There	are	additional	peaks	in	the	leach	water	spectra,	confirming	that	there	are	molecules	 of	 other	 chemicals	 being	 desorbed	 or	 exuded	 from	 the	 film.	 On	 the	positive	spectra	comparison	(figure	23),	 the	peaks	at	79,	89	and	105	m/z	have	been	 identified	 as	 C6H7+,	 C7H5+	 and	 C8H9+,	 respectively.	 These	 peaks	 are	presumed	 to	 originate	 from	 the	 butadiene	 and	 acrylonitrile	 units	 within	 the	longer	molecular	 chains	within	 the	XNBR	particles[6].	The	peak	at	39	m/z	has	been	 identified	as	K+	and	originates	 from	the	KOH	used	to	adjust	 the	pH	of	 the	bulk	latex.	
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	Figure	 5.16.	 A	 comparison	 between	 the	 normalised	 negative	 spectra	 of	 pure	SDBS	and	the	leaching	water	from	a	film	dried	at	65°C	and	leached	for	24	hours	in	DI	water.	The	leach	water	spectrum	is	inverted	to	aid	visual	comparison.	
	In	 the	negative	spectra	comparison	(Figure	5.16),	 the	peak	at	26	m/z	has	been	identified	as	CN-.	It	originates	from	acrylonitrile	monomer	units.	The	peak	at	43	m/z	 has	 been	 identified	 as	 C2OH3-	 which	 is	 presumed	 to	 originate	 from	methacrylic	acid	units[6].	These	results	suggest	that	that	all	of	the	constituents	of	the	film	are	being	removed	from	the	film	via	the	leaching	process.	Polybutadiene	and	 poly(acrylonitrile)	 are	 both	 hydrophobic	 and	 are	 insoluble	 in	 water.	However,	 poly(methacrylic	 acid)	 is	 hydrophilic	 and	 can	 dissolve	 in	water.	 It	 is	proposed	 that	 hydrophilic	 oligomers,	 i.e.	 low	molecular	 weight	 polymers,	 that	are	enriched	in	methacrylic	acid	units,	are	present	in	the	serum	of	the	latex.	They	are	 trapped	 between	 particles	 upon	 film	 formation.	 The	 oligomers	 could	 be	desorbing	 from	 the	 film	during	 leaching	 process	 and	 going	 into	 solution.	 They	could	also	be	forming	agglomerates	that	constitute	the	particulates	observed	in	the	leach	solutions.		
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	Figure	5.17.	A	comparison	between	the	normalised	positive	spectra	of	a	film	cast	by	 droplet	 deposition	 and	 the	 leaching	 water	 from	 a	 film	 dried	 at	 65°C	 and	leached	 for	 24	 hours	 in	 DI	 water.	 The	 film	 spectrum	 is	 inverted	 to	 aid	 visual	comparison.		Leaching	medium	and	 film	drying	 temperature	had	no	 significant	 effect	 on	 the	leach	water	 spectra.	 Therefore	 the	 leach	water	 sample	 of	 the	 65	°C	 dried	 film	leached	 in	DI	water	will	be	 the	only	sample	presented	 in	 this	 thesis.	There	are	small	 differences	 when	 the	 leaching	 medium	 is	 changed.	 Understandably,	 the	NaOH-leached	 samples	 show	 more	 Na+	 ions,	 whilst	 the	 KOH-leached	 samples	show	more	K+	ions.	
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	Figure	5.18.	A	comparison	between	the	normalised	negative	spectra	of	a	film	cast	by	 droplet	 deposition	 and	 the	 leaching	 water	 from	 a	 film	 dried	 at	 65°C	 and	leached	 for	 24	 hours	 in	 DI	 water.	 The	 film	 spectrum	 is	 inverted	 to	 aid	 visual	comparison.	
	When	 comparing	 the	 spectra	 of	 the	 droplet-deposited	 film	 to	 the	 leach	 water	samples,	 there	 is	 good	 agreement	 across	 the	 spectra	 (Figures	 5.17	 and	 5.18).	There	 are	 variations	 in	 the	 intensities	 of	 peaks,	 suggesting	 differences	 in	 the	concentrations	of	different	compounds.			
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	Figure	 5.19.	 A	 comparison	 between	 the	 normalised	 positive	 spectra	 of	 the	leaching	water	 from	a	glove	 leached	 in	DI	water	and	the	 leaching	water	 from	a	film	dried	at	65°C	and	leached	for	24	hours	in	DI	water.	The	glove	leaching	water	spectrum	is	inverted	to	aid	visual	comparison.	
	When	comparing	the	leaching	water	from	the	glove	to	the	leaching	water	from	a	coagulant-dipped	 film	 dried	 at	 65	°C	 and	 leached	 in	 DI	 water,	 there	 are	 some	noticeable	differences	in	the	positive	ion	spectra	(Figure	5.19).	There	are	peaks	at	53,	55,	57	m/z	which	may	correspond	to	hydrocarbon	chains.	There	is	also	a	peak	at	65	m/z	which	likely	corresponds	to	Zn2+.	It	is	known	that	divalent	ions,	such	as	zinc,	are	added	to	latex	formulations	to	create	crosslinks	via	negatively-charged	 carboxylic	 acid	 groups.	 Such	 crosslinks	 increase	 the	 modulus	 of	 an	elastomer.	 We	 don’t	 know	 with	 certainty	 what	 compounds	 are	 used	 as	 glove	manufacturers	 would	 be	 unwilling	 to	 share	 their	 specific	 formulations.	 The	negative	spectra	(Figure	28)	from	the	glove	and	film	are	in	good	agreement,	and	no	new	peaks	were	identified.						 	
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Figure	 5.20.	 A	 comparison	 between	 the	 normalised	 negative	 spectra	 of	 the	leaching	water	 from	a	glove	 leached	 in	DI	water	and	the	 leaching	water	 from	a	film	dried	at	65°C	and	leached	for	24	hours	in	DI	water.	The	glove	leaching	water	spectrum	is	inverted	to	aid	visual	comparison.		A	further	round	of	SIMS	experiments	was	performed	to	study	the	changes	at	the	latex	surface	after	 leaching,	as	opposed	 to	changes	 in	 the	 leach	water.	All	 films	studied	in	this	round	of	experiments	were	produced	by	coagulant	dipping.	A	full	list	of	the	samples	tested	can	be	found	in	Table	5.5.		Table	5.5.	SIMS	samples:	Round	Two.	
	When	comparing	the	un-leached	coagulant-dipped	film	to	the	droplet	deposited	film	 from	 the	 first	 round	 of	 experiments,	 there	 is	 good	 agreement	 across	 the	spectra.	This	confirms	that	salt	crystals	or	residues	 from	the	coagulant	dipping	process	are	not	present	on	the	surface	of	the	latex	film.					
Coagulant	Dipped	Film,	Dried	at	65°C,	un-leached	Coagulant	Dipped	Film,	Dried	at	65°C,	rinsed	for	1	minute	with	DI	Water	Coagulant	Dipped	Film,	Dried	at	65°C,	leached	for	24hrs	in	DI	Water	Coagulant	Dipped	Film,	Dried	at	110°C,	leached	for	24	hours	in	DI	Water	Coagulant	Dipped	Film,	Dried	at	65°C,	leached	for	24	hours	in	NaOH	solution	Droplet	deposition	Poly(Acrylic	Acid)	film,	dried	at	room	temperature	
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Table	 5.6.	 Normalised	 Counts	 of	 Characteristic	 SDBS	 Peaks	 for	 Leached	Coagulant	Dipped	Films.	
Drying	Temperature	(°C)	
Leaching	
Time	
Leaching	
Medium	
Normalised	counts	
SDBS	Peaks	
Na2OH+	 SO2-	 SO3-	
65	
No	
Leach	
N/A	
0.000239	 0.000957	 0.002508	
65	
1	min	
Rinse	
DI	
Water	 0.000227	 0.001082	 0.004101	
65	
24hr	 DI	
Water	 0.000268	 0.001159	 0.004221	
110	
24hr	 DI	
Water	 0.000538	 0.001282	 0.004277	
65	
24hr	 NaOH	
Solution	 0.002385	 0.001014	 0.003407		To	 attempt	 to	 see	 the	 effects	 of	 a	 range	 of	 leaching	 process	 parameters,	 the	characteristic	peaks	 for	SDBS	were	compared	across	 the	 leached	samples.	This	was	done	by	comparing	the	normalised	peak	count	with	the	normalised	counts	of	 the	 characteristic	 peaks	 of	 SDBS	 identified	 previously.	 The	 peaks	 were	normalised	 to	 the	 total	 count	 number	 of	 each	 sample.	 An	 uncertainty	 was	calculated	 by	 comparing	 the	 normalised	 counts	 across	 three	 different	measurements	of	the	sample.		The	results	of	 the	 leaching	comparison	(shown	in	Table	5.6)	showed	very	 little	difference	 between	 the	 normalised	 counts	 for	 the	 various	 types	 of	 leached	sample,	when	an	uncertainty	of	30%	is	taken	into	account.	The	Na2OH+	peak	for	the	sample	leached	in	NaOH	is	the	only	exception.	This	is	easily	explained	as	the	increased	 concentration	 of	 Na	 increased	 the	 chances	 of	 Na2OH+	 ions	 forming	whilst	the	fragments	are	in	the	vacuum.		The	lack	of	difference	across	the	samples	is	most	likely	due	to	the	films	not	being	rinsed	 after	 the	 leaching	 process.	 The	 films	were	 removed	 from	 their	 leaching	medium	and	placed	into	a	desiccator;	this	resulted	in	leach	water	solution	drying	from	the	films	in	the	desiccator	and	depositing	surfactant	and	other	compounds	onto	 the	 surface	 of	 the	 film.	 These	 results	 indicate	 that	 rinsing	 steps	 are	important	in	industrial	production.			5.6	Coagulation	in	Destabilised	Colloidal	XNBR		The	 critical	 coagulation	 concentration	 (CCC)	 of	 XNBR	 in	 an	 NaCl	 solution	was	found	 experimentally	 by	 adding	drops	 of	waterborne	XNBR	polymer	 into	NaCl	solutions	of	 different	 concentration.	The	 lowest	 concentration	 at	which	 instant	coagulation	occurred	was	defined	to	be	the	CCC,	this	was	found	to	be	0.6	mol/L.		
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	Figure	 5.21.	 Modelled	 concentration	 profiles	 of	 NaCl	 diffusing	 from	 a	 semi-infinite	plane	into	DI	water	after	1	minute	of	diffusing	(blue),	4	minutes	(red),	9	minutes	(green),	16	minutes	(purple)	and	25	minutes	(orange).	A	horizontal	line	has	 been	 added	 to	 show	 the	 critical	 coagulation	 concentration	 (CCC)	 and	 the	intersections	 of	 this	 line	 with	 the	 concentration	 profiles	 allow	 the	 critical	thickness	to	be	found.			The	diffusion	of	NaCl	 from	a	 semi-infinite	 plane	 into	water	 has	 been	modelled	and	shown	in	Figure	5.21.	This	is	a	very	simple	analogue	to	the	diffusion	of	salt	from	a	former	in	the	coagulant	dipping	process.	The	results	are	shown	in	figure	5.21	 with	 a	 horizontal	 line	 added	 to	 illustrate	 the	 distance	 from	 the	 plane	 at	which	the	salt	concentration	has	reached	the	CCC,	we	define	this	distance	as	the	critical	thickness.		
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	Figure	5.22.	Film	thickness	of	single-dip	coagulant	dipped	films;	the	dwell	time	of	the	 former	 in	 the	 latex	has	been	varied.	Results	 are	plotted	 against	 the	 square	root	 of	 dwell	 time	 in	 order	 to	 confirm	 that	 a	 diffusion-based	 process	 is	 taking	place.			Coagulant	dipped	films	have	been	produced	to	test	the	validity	of	this	model.	The	coagulant	 dipping	method	 detailed	 in	 section	 5.1.2	was	 followed,	 however	 the	second	dipping	was	not	performed	on	these	samples.	After	drying	of	the	samples	the	 thickness	 of	 the	 films	 were	 measured	 using	 digital	 callipers.	 The	 results,	shown	in	Figure	5.22,	show	a	linear	relationship	between	film	thickness	and	the	square	 root	 of	 the	 hold	 time.	 This	 suggests	 that	 a	 diffusion	 based	 process	controls	film	thickness.				The	trend	line	in	Figure	5.22	suggests	that	a	film	that	is	dipped	without	holding	in	 the	 wet	 latex	 would	 result	 in	 a	 film	 thickness	 of	 0.21	 mm.	 This	 is	 due	 to	entrainment	pulling	some	of	the	wet	latex	out	along	with	the	glass	slide.		
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	Figure	 5.23.	 Experimentally	 found	 dried	 film	 thickness	 plotted	 against	 the	theoretically	found	critical	thickness	for	NaCl	diffusing	from	a	semi-infinite	plane	into	D.I.	water.	Dwell	times	ranging	between	1	minute	and	25	minutes	have	are	shown.		When	 we	 compare	 the	 film	 thicknesses	 to	 the	 theoretical	 values	 of	 critical	thickness	 (figure	 5.23)	 we	 find	 a	 linear	 relationship,	 as	 expected	 for	 two	diffusion-based	 processes.	 At	 each	 point,	 the	 critical	 thickness	 is	much	 greater	than	 the	 dried	 film	 thickness	 at	 each	 data	 point.	 This	 is	 due	 to	 the	 collapse	 of	particle	and	the	evaporation	of	water	during	film	formation	and	drying.			
	Figure	5.24.	A	graph	showing	the	size	distribution	of	dilute	latex	particles	in	DI	water.	The	peak	in	the	data	occurs	at	143	nm.		Using	the	particle	tracking	analysis,	the	size	of	latex	particles	has	been	analysed	with	 the	 intention	 of	 recording	 coagulation	 rates	 of	 latex	 particles	 in	 salt	
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solutions	of	differing	concentrations.	Initial	experiments	found	that	diluting	the	latex	 to	 one	 part	 in	 288,000	 parts	 of	 DI	 water	 allowed	 90	 second	 videos	 to	consistently	record	at	least	200	tracks.	The	particle	distribution	is	found	to	peak	strongly	 at	143	nm	 (seen	 in	Figure	5.24)	which	 is	 in	 good	agreement	with	 the	particle	size	value	of	~140	nm,	which	was	obtained	by	dynamic	light	scattering	and	provided	by	Synthomer.			
	Figure	 5.25.	 Particle	 concentration	 of	 colloidal	 NBR	 particles	 diluted	 in	 salt	solutions	 of	 6	 mol/L	 (!)	 and	 5	 mol/L	 (!)	 plotted	 against	 time	 since	 the	introduction	of	salt.				Further	 experiments	 were	 performed	 by	 diluting	 latex	 particles	 in	 a	 NaCl	solution	rather	than	in	DI	water.	Salt	concentrations	of	5	and	6	mol/L	were	used	in	these	experiments	(Figure	5.25).	120	second	videos	were	taken	consecutively	and	the	total	particle	concentration	in	the	sample	was	plotted	over	time.	Figure	5.26	shows	the	results	of	these	experiments,	the	6	mol/L	coagulates	significantly	over	 the	 course	 of	 the	 experiment	 and	 shows	 a	 t1/2,	 the	 time	 for	 the	 particle	concentration	 to	 reduce	 by	 a	 factor	 of	 2,	 of	 approximately	 17	 minutes.	 By	comparison	over	the	80	minute	experiment	the	5	mol/L	shows	some	coagulation	but	a	t1/2	is	not	measurable.			Whilst	we	did	find	6	mol/L	to	be	the	CCC	when	testing	undiluted	samples	of	the	latex,	when	don’t	find	6	mol/L	to	be	the	CCC	when	using	nano-particle	tracking	analysis.	 This	 is	 due	 to	 the	 latex	 being	 very	 dilute	 in	 these	 experiments	when	compared	 to	 the	bulk	 latex,	 as	 a	 result	 the	probability	 of	 two	particles	 coming	into	close	enough	contact	to	coagulate	is	greatly	reduced.						
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5.7	Conclusions		Through	 AFM	 experiments,	 it	 has	 been	 shown	 that	materials	 can	 be	 removed	from	 the	 surface	 of	 XNBR	 films	 via	 rinsing.	 Further	 AFM	 experiments	 have	provided	evidence	that	SDBS	is	present	on	the	surface	of	the	film.		UV-Vis	Spectroscopy	has	proven	to	be	an	unsuitable	method	 for	measuring	 the	desorption	rate	of	SDBS	from	an	XNBR	film	because	of	lack	of	chemical	purity	in	the	leach	water.	However,	it	has	shown	that	there	are	other	materials	leaving	the	film	 over	 a	 time	 period	 of	 hours,	 and	 small	 particulates	 can	 be	 seen	 in	 the	leaching	medium.		Surface	tension	experiments	confirmed	the	presence	of	surface-active	chemicals	in	 the	 leaching	medium.	 As	 the	 surface	 tension	 of	 the	 leach	water	 dropped	 to	values	lower	than	found	in	SDBS	solutions,	it	is	concluded	that	SDBS	are	not	the	only	 surface-active	molecules	 in	 the	 leach	water.	 SIMS	 experiments	 confirmed	that	SDBS	is	present	in	the	leaching	medium,	as	well	as	at	the	surface	of	an	XNBR	latex	 film.	 The	 experiments	 show	 that	 all	 of	 the	 components	 of	 the	 XNBR	particles	(butadiene,	acrylonitrile	and	methacrylic	acid)	are	present	in	the	leach	medium.	It	is	likely	that	hydrophilic	low-molecular	weight	molecules	(oligomers)	containing	methacrylic	acid	are	soluble	in	water	and	are	removed	from	the	film	when	soaked.		Particle	 tracking	analysis	has	been	used	to	observe	the	diffusion-based	process	of	 coagulation	 of	 a	 dilute	 colloidal	 dispersion	 of	 XNBR	 in	 the	 presence	 of	 a	destabilizing	 salt.	When	 observing	 particles	 in	 a	 solution	 0.6	mol/L	 of	 NaCl;	 a	half-time	in	the	particle	number	was	observed	to	be	approximately	17	minutes.	When	testing	coagulation	of	the	bulk	latex	0.6	mol/L	was	found	to	be	the	critical	coagulation	coefficient	(CCC),	however	in	the	very	dilute	samples	observed	using	particle	 tracking	 analysis	 a	 CCC	 is	 not	 observed	 as	 particles	 are	much	 farther	away	from	each	other	on	average	than	in	the	un-dilute	bulk	latex.		5.8	References		1.	 	Geng,	J.,	Johnson,	B.F.G.,	Wheatley,	A.E.H.,	Luo,	J.K.,	Spectroscopic	route	to	
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Chapter	6		Conclusions	and	Areas	of	Future	Research		
	In	my	thesis	I	have	proposed	two	scenarios	of	polymer	film	formation	for	semi-crystalline	 polymers;	 in	 Scenario	 1	 films	 form	weak	 films	 with	 poor	 cohesion	when	 crystallisation	 is	 quicker	 than	 coalescence	 due	 to	 crystalline	 regions	inhibiting	 coalescence	 whilst	 in	 Scenario	 2	 films	 form	 coherent	 strong	 films	when	coalescence	is	quicker	than	crystallisation.	In	Chapter	3,	the	film	formation	conditions	 of	 a	 semi-crystalline	 poly(chloroprene)	 have	 been	 altered	 to	 find	evidence	for	the	proposed	scenarios.			When	 film	 forming	 below	 the	 crystal	 melting	 temperature	 a	 film	 with	 poor	cohesive	 strength	 is	 found,	 likely	 due	 to	 crystallisation	 inhibiting	 coalescence	(Scenario	 1).	 However,	 when	 a	 film	 is	 formed	 above	 the	 crystal	 melting	temperature	 greater	 cohesive	 strength	 is	 observed,	 as	 the	particles	 are	 able	 to	fully	coalesce	prior	to	the	onset	of	crystallisation	(Scenario	2).	Additionally,	it	has	been	 found	 that	 heating	 a	 film	 formed	 at	 room	 temperature	 above	 the	 crystal	melting	temperature	results	in	a	switch	from	Scenario	1	to	Scenario	2.		The	 effects	 of	 blending	 semi-crystalline	 and	 amorphous	 polymers	 has	 been	studied	 in	 both	 Chapter	 3	 and	 Chapter	 4;	 In	 chapter	 3	 experiments	 on	 two	different	formulations	of	poly(chloroprene)	were	performed.	In	blends	of	semi-crystalline	 and	 amorphous	poly(chloroprene)	 an	 induction	 time	 is	 observed	 in	the	onset	of	crystallisation	proportional	to	the	volume	content	of	the	amorphous	polymer.	 This	 is	 due	 to	 smaller	 regions	 of	 crystallisable	 poly(chloroprene)	resulting	in	a	longer	average	nucleation	time.			Whilst	some	synergistic	effects	are	observed	in	the	mechanical	properties	of	as	cast	blends	of	poly(chloroprene),	particularly	 the	strain	at	 failure,	 these	effects	do	not	remain	after	the	heating	and	recrystallization	process	has	taken	place.	We	can	 therefore	 attribute	 these	 synergistic	 effects	 to	 the	 induction	 time	 in	crystallisation	 allowing	 more	 coalescence	 to	 occur	 prior	 to	 crystallisation,	pushing	the	blends	closer	to	Scenario	2	than	Scenario	1.			Changes	 in	 the	 crystalline	 structure	 of	 poly(chloroprene)	 were	 observed	 as	 a	result	of	heating	above	the	crystal	melting	temperature.	Smaller	crystallites	are	observed	after	heating	than	those	seen	 in	the	as	cast	 film;	 I	attribute	this	 to	an	increase	in	nucleations	as	a	result	of	a	more	cohesive	film	after	heating.		The	 process	 of	 strain-induced	 crystallisation	 has	 been	 explored	 in	 a	 semi-crystalline	 poly(chloroprene)	 by	 performing	 X-ray	 scattering	 experiments	 on	samples	 held	 under	 strain.	 By	 analyzing	 wide	 angle	 x-ray	 scattering	 results,	evidence	has	been	found	to	confirm	strain-induced	crystallisation	takes	place	in	
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the	formulation	of	poly(chloroprene)	I	have	been	studying.	This	area	of	research	provides	are	rich	field	for	future	study,	the	effects	of	blending	of	amorphous	and	semi-crystalline	 polymers	 on	 the	 degree	 and	 rate	 of	 strain-induced	crystallisation	would	be	an	interesting	area	of	research	to	assist	in	determining	how	 to	 blend	 polymers	 in	 order	 to	 achieve	 certain	 target	 properties.	Additionally,	the	effects	of	film	formation	scenario	on	the	rate	and	extent	of	film	formation	would	be	another	interesting	variable	to	study.			In	 Chapter	 4,	 I	 have	 performed	 further	 blending	 experiments	 on	 two	 different	species	 of	 polymers;	 a	 semi-crystalline	 poly(chloroprene)	 (PC53)	 and	 an	amorphous	 carboxylated	 nitrile-butadiene	 rubber	 (XNBR).	 In	 this	 case	 Zinc	Oxide	(ZnO)	was	also	added	to	the	blends	in	order	to	cross-link	the	XNBR	phase.	Blending	 two	 different	 species	 of	 polymers	 limited	 the	 content	 of	 blends	 that	were	possible	to	test;	a	PC53	content	to	70%	or	above	was	reported	to	result	in	destabilization	of	the	blend.		When	blending	PC53	and	XNBR,	intermediate	mechanical	properties,	such	as	the	strain	at	failure,	the	Young’s	modulus	and	the	breaking	energy,	are	found	in	the	resulting	 blends.	 Increasing	 the	 PC53	 content	 to	 50%	 is	 required	 to	 ensure	significant	 change	 is	 observed	 in	 all	 mechanical	 properties	 studied	 when	compared	to	the	XNBR	samples	tested.			The	 visco-elastic	 behavior	 of	 the	 XNBR:PC53	blends	was	 of	 particular	 interest,	due	to	the	strong	strain	rate	dependence	on	stress-strain	behavior	found	in	the	pure	 XNBR	 samples	 tested.	 Analysis	 of	 stress-relaxation	 experiments,	 suggest	that	the	degree	of	cross-linking	in	the	samples	increases	as	the	XNBR	content	is	increased,	which	 is	 to	be	expected	given	that	 the	PC53	requires	 lower	 levels	of	crosslinking	to	allow	chains	to	have	enough	mobility	to	crystallise.				DMA	 temperature	 sweeps	 performed	 on	 as-cast	 PC53	 with	 and	 without	 ZnO	added	have	shown	 that	adding	ZnO	 to	PC53	results	 in	a	 small	 increase	 in	both	the	glass	 transition	and	melting	 temperatures.	Temperature	sweeps	performed	on	blends	of	PC53	and	XNBR	show	a	decreasing	modulus	in	the	region	between	the	 glass	 transition	 and	 crystal	 melting	 temperatures	 as	 the	 PC53	 content	decreases.	This	is	consistent	with	reducing	crystallinity	in	the	samples	and	is	in	agreement	with	trends	seen	in	the	Young’s	modulus	results.		The	blending	of	two	different	species	with	an	additive	opens	up	some	interesting	areas	 of	 research.	 Studying	 the	morphology	 of	 the	 crystallites	 through	 optical	microscopy	would	be	of	particular	interest	as	it	is	possible	the	ZnO	are	acting	as	nucleation	 sites.	 Additionally,	 a	 study	 of	 strain-induced	 crystallisation	 in	 this	system	could	be	another	interesting	line	of	research.			In	 Chapter	 5,	work	 on	 the	 exudation	 of	 surfactant	 and	 other	 free	molecules	 in	coagulant-dipped	XNBR	films	have	been	presented.	Through	AFM	experiments,	it	has	been	shown	that	materials	can	be	removed	from	the	surface	of	XNBR	films	via	 rinsing.	 Further	 AFM	 experiments	 have	 provided	 evidence	 that	 SDBS	 is	present	on	the	surface	of	the	film.		
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UV-Vis	Spectroscopy	has	proven	to	be	an	unsuitable	method	 for	measuring	 the	desorption	rate	of	SDBS	from	an	XNBR	film	because	of	lack	of	chemical	purity	in	the	leach	water.	However,	it	has	shown	that	there	are	other	materials	leaving	the	film	 over	 a	 time	 period	 of	 hours,	 and	 small	 particulates	 can	 be	 seen	 in	 the	leaching	medium.		Surface	tension	experiments	confirmed	the	presence	of	surface-active	chemicals	in	 the	 leaching	medium.	 As	 the	 surface	 tension	 of	 the	 leach	water	 dropped	 to	values	lower	than	found	in	SDBS	solutions,	it	is	concluded	that	SDBS	are	not	the	only	 surface-active	molecules	 in	 the	 leach	water.	 SIMS	 experiments	 confirmed	that	SDBS	is	present	in	the	leaching	medium,	as	well	as	at	the	surface	of	an	XNBR	latex	 film.	 The	 experiments	 show	 that	 all	 of	 the	 components	 of	 the	 XNBR	particles	(butadiene,	acrylonitrile	and	methacrylic	acid)	are	present	in	the	leach	medium.	It	is	likely	that	hydrophilic	low-molecular	weight	molecules	(oligomers)	containing	methacrylic	acid	are	soluble	in	water	and	are	removed	from	the	film	when	soaked.		Particle	tracking	analysis	has	been	used	to	observe	the	diffusion	based	process	of	coagulation	 of	 a	 dilute	 colloidal	 dispersion	 of	 XNBR	 in	 the	 presence	 of	 a	destabilizing	 salt.	When	 observing	 particles	 in	 a	 solution	 0.6	mol/L	 of	 NaCl;	 a	half-time	in	the	particle	number	was	observed	to	be	approximately	17	minutes.	When	testing	coagulation	of	the	bulk	latex	0.6	mol/L	was	found	to	be	the	critical	coagulation	coefficient	(CCC),	however	in	the	very	dilute	samples	observed	using	particle	 tracking	 analysis	 a	 CCC	 is	 not	 observed	 as	 particles	 are	much	 farther	away	from	each	other	on	average	than	in	the	un-dilute	bulk	latex.			 	
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Appendix	1		NMR	Measurements	of	PC53		NMR	 measurements	 were	 performed	 following	 the	 method	 set	 out	 by	Makhiyanov	 (reference	1	 from	Chapter	3).	Deuterated	 chloroform	was	used	as	the	 solvent	with	 128	 scans	 being	 accumulated	 for	 the	 sample.	 Four	 regions	 to	integrate	over	were	identified	from	the	literature	and	using	the	equations	below	can	be	used	to	determine	the	content	of	each	monomeric	unit	in	the	polymer	as	a	molar	ratio	relative	to	the	chloroprene	units.	1,2 𝐼𝑠𝑜𝑚𝑒𝑟 = 2𝐼!𝐼! − 𝐼! + 2𝐼! + 2𝐼!	3,4 𝐼𝑠𝑜𝑚𝑒𝑟 = 𝐼! − 𝐼!𝐼! − 𝐼! + 2𝐼! + 2𝐼!	1,3 𝑐𝑖𝑠 𝐼𝑠𝑜𝑚𝑒𝑟 = 2𝐼!𝐼! − 𝐼! + 2𝐼! + 2𝐼!	1,3 𝑡𝑟𝑎𝑛𝑠 𝐼𝑠𝑜𝑚𝑒𝑟 = 2(𝐼! − 𝐼!)𝐼! − 𝐼! + 2𝐼! + 2𝐼!		where	 I1	 to	 I4	are	 integrations	over	different	regions	of	 the	NMR	specra.	 In	 the	figure	 below	 the	 NMR	 spectra	 is	 shown	 with	 the	 areas	 to	 be	 integrated	 over	shown	 by	 the	 coloured	 lines	 drawn	 on	 the	 x-axis.	 	 The	 table	 below	 shows	 the	monomeric	content	of	PC53	as	found	using	the	method	detailed	in	this	appendix.	
	Monomer	 Content	(Percentage)	1,2	 0.1	3,4	 3.2	1,4-cis	 5.2	1,4-trans	 91.4	
I1	I2	I3	I4	
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	 Appendix	2			Characteristic	SIMS	Peaks	Identified	for	SDBS	and	the	Monomers	Present	in	XNBR	
Characteristic	SIMS	Peaks	
	 	 	 	SDBS	
Negative	Spectra	 Positive	Spectra	
63	 SO2-	 22.9	 Na+	
79.9	 SO3-	
	 	
	 	 	 	Poly	Acrylonitrile	
Negative	Spectra	 Positive	Spectra	
14	 N-	
	 	26	 CN-	
	 	52	 C3H2N-	
	 	54	 C3H4N-	
	 	
	 	 	 	Poly	Butadiene	
Negative	Spectra	 Positive	Spectra	
	 	
14	 CH2+	
	 	
27	 C2H3+	
	 	
39	 C3H3+	
	 	
41	 C3H5+	
	 	
53	 C4H5+	
	 	
55	 C4H7+	
	 	
57	 C4H9+	
	 	
67	 C5H7+	
	 	
77	 C6H5+	
	 	
79	 C6H7+	
	 	
91	 C7H7+	
	 	
105	 C8H9+	
	 	
117	 C9H9+	
	 	 	 	Poly	Butadiene	
Negative	Spectra	 Positive	Spectra	
43	 C2OH3-	
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Appendix	3	Positive	peaks	of	SIMS	samples	identified	from	the	Spectra	by	eye	and	classified	qualitatively	by	intensity	
Mass	
Peak	Strength	
Film	 SDBS	
65C	DI	
Leach	
Glove	
Leach	
1	 Weak	 Weak	 Weak	 Weak	
2	
	 	 	
Weak	
3	
	 	 	 	4	
	 	 	 	5	
	 	 	 	6	
	 	 	 	7	
	 	 	 	8	
	 	 	 	9	
	 	 	 	10	
	 	 	 	11	
	 	 	 	12	
	 	 	 	13	
	 	 	
Weak	
14	
	 	 	
Weak	
15	 Weak	 Weak	 Weak	 Medium	
16	
	 	 	 	17	
	 	 	 	18	
	 	 	 	19	
	 	 	
Weak	
20	
	 	 	 	21	
	 	 	 	22	
	 	 	 	23	 Strong	 Strong	 Strong	 Strong	
24	
	 	 	 	25	
	 	 	 	26	
	
Weak	
	
Weak	
27	 Medium	 Medium	 Weak	 Strong	
28	
	
Weak	
	
Weak	
29	 Medium	 Medium	 Weak	 Strong	
30	
	 	 	
Weak	
31	
	 	 	
Weak	
32	
	 	 	 	33	
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34	
	 	 	 	35	
	 	 	 	36	
	 	 	 	37	
	 	 	
Weak	
38	
	
Weak	
	
Weak	
39	 Strong	 Weak	 Strong	 Strong	
40	 Weak	 Weak	
	
Strong	
41	 Medium	 Medium	 Medium	 Strong	
42	 Weak	 Weak	
	
Weak	
43	 Medium	 Medium	 Weak	 Strong	
44	
	 	 	
Weak	
45	
	 	 	
Weak	
46	
	
Weak	 Weak	
	47	
	
Weak	 Weak	
	48	
	 	 	 	49	
	 	 	 	50	 Weak	
	 	
Weak	
51	 Weak	 Weak	
	
Weak	
52	 Weak	
	 	
Weak	
53	 Weak	 Weak	
	
Medium	
54	
	 	 	
Weak	
55	 Weak	 Weak	
	
Medium	
56	
	 	 	
Weak	
57	 Weak	 Weak	 Weak	 Strong	
58	
	 	 	
Weak	
59	
	 	 	
Weak	
60	
	 	 	 	61	
	 	 	
Weak	
62	
	
Weak	 Weak	 Weak	
63	 Weak	 Strong	 Strong	 Weak	
64	
	 	 	
Weak	
65	 Weak	 Weak	
	
Medium	
66	
	 	 	
Weak	
67	 Weak	
	 	
Weak	
68	
	 	 	
Weak	
69	 Weak	
	 	
Weak	
70	
	
Weak	
	
Weak	
71	
	 	
Weak	 Weak	
72	
	 	
Weak	 Weak	
73	
	 	 	
Weak	
74	
	 	 	
Weak	
75	
	 	 	
Weak	
76	
	 	 	
Weak	
77	 Weak	
	 	
Weak	
78	 Weak	
	
Weak	 Weak	
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79	 Medium	 Weak	 Strong	 Weak	
80	
	 	 	 	81	 Weak	
	
Weak	 Weak	
82	
	 	 	 	83	
	 	 	
Weak	
84	
	 	 	 	85	
	 	
Weak	 Weak	
86	
	 	 	
Weak	
87	 Weak	
	
Weak	 Weak	
88	 Weak	
	
Weak	 Weak	
89	
	 	
Medium	 Weak	
90	
	 	 	
Weak	
91	 Weak	 Weak	 Weak	 Weak	
92	
	 	 	
Weak	
93	
	 	
Weak	
	94	 Weak	
	 	 	95	 Medium	
	
Weak	
	96	
	 	 	
Weak	
97	 Weak	
	
Weak	 Weak	
98	
	 	 	
Weak	
99	
	 	 	
Weak	
100	
	 	 	 	101	
	 	 	
Weak	
102	
	 	 	
Weak	
103	 Weak	
	 	
Weak	
104	 Weak	
	
Weak	 Weak	
105	
	 	
Medium	 Weak	
106	
	 	 	 	107	
	 	
Weak	
	108	
	 	 	
Weak	
109	
	 	 	 	110	 Weak	 Weak	 Weak	
	111	 Weak	
	 	
Weak	
112	
	 	 	
Weak	
113	
	 	 	
Medium	
114	
	 	 	
Weak	
115	
	 	 	
Weak	
116	
	 	 	 	117	
	 	 	
Weak	
118	
	 	 	 	119	
	 	 	 	120	
	 	
Weak	
	121	
	 	
Weak	 Weak	
122	
	 	 	
Weak	
123	
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124	
	 	 	
Weak	
125	
	 	 	
Weak	
126	 Weak	 Weak	
	 	127	
	 	 	 	128	
	 	 	
Weak	
129	
	 	
Weak	 Weak	
130	
	 	 	 	131	
	 	
Weak	 Weak	
132	
	 	 	
Weak	
133	
	 	 	 	134	
	 	 	 	135	
	 	 	 	136	
	 	 	 	137	
	 	 	
Weak	
138	
	 	 	 	139	
	 	 	 	140	 Weak	
	 	 	141	
	 	 	 	142	 Weak	
	 	
Weak	
143	
	 	 	 	144	
	 	 	 	145	
	 	
Weak	 Weak	
146	
	 	 	 	147	
	 	 	 	148	
	 	 	 	149	 Weak	 Strong	 Medium	
	150	
	 	 	 	151	
	
Weak	
	 	152	
	 	 	 	153	
	 	 	 	154	
	 	 	 	155	
	 	 	
Weak	
156	
	 	 	 	157	
	 	 	 	158	 Weak	
	 	
Weak	
159	
	 	 	 	160	
	 	 	
Weak	
161	
	 	 	 	162	
	 	 	 	163	
	 	 	 	164	
	 	 	 	165	 Medium	 Weak	 Medium	
	166	
	 	 	 	167	 Weak	
	 	
Weak	
168	
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169	
	 	 	 	170	
	 	 	 	171	
	 	 	 	172	
	 	 	 	173	
	 	 	 	174	
	 	 	 	175	
	 	 	 	176	
	 	 	 	177	
	 	 	
Weak	
178	
	 	 	 	179	
	 	 	 	180	
	 	 	 	181	 Medium	
	
Weak	
	182	
	 	 	 	183	 Weak	
	 	 	184	
	 	 	 	185	
	 	 	 	186	
	 	 	 	187	
	 	 	
Weak	
188	
	 	 	 	189	
	 	 	 	190	
	 	 	 	191	
	 	 	 	192	
	 	 	 	193	
	 	 	 	194	
	 	 	 	195	
	 	 	 	196	
	 	 	 	197	 Medium	
	
Weak	
	198	
	 	 	 	199	 Weak	
	 	 	200	
	 	 	 	201	
	 	 	 	202	
	 	 	 	203	
	 	 	 	204	
	 	 	 	205	
	 	 	 	206	
	 	 	 	207	
	 	 	 	208	
	 	 	 	209	
	 	 	 	210	
	 	 	 	211	
	 	 	 	212	
	 	 	 	213	 Weak	
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214	
	 	 	 	215	
	 	 	 	216	
	 	 	 	217	
	 	 	 	218	
	 	 	 	219	
	 	 	 	220	
	 	 	 	221	
	 	 	 	222	
	 	 	 	223	
	 	 	
Weak	
224	
	 	 	 	225	
	 	 	
Weak	
226	
	 	 	 	227	
	 	 	 	228	
	 	 	 	229	
	
Weak	
	 	230	
	 	 	 	231	
	 	 	 	232	
	 	 	 	233	
	 	 	
Weak		 	
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Appendix	4	Negative	peaks	of	SIMS	samples	identified	from	the	spectra	by	eye	and	classified	qualitatively	by	intensity	
Mass	
Peak	Strength	
Film	 SDBS	
65C	DI	
Leach	
Glove	
Leach	
1	 Strong	 Strong	 Strong	 Strong	
2	
	 	 	 	3	
	 	 	 	4	
	 	 	 	5	
	 	 	 	6	
	 	 	 	7	
	 	 	 	8	
	 	 	 	9	
	 	 	 	10	
	 	 	 	11	
	 	 	 	12	 Weak	 Medium	 Weak	 Weak	
13	 Medium	 Strong	 Medium	 Medium	
14	 Weak	 Weak	 Weak	 Weak	
15	
	 	 	 	16	 Medium	 Medium	 Strong	 Medium	
17	 Medium	 Medium	 Strong	 Medium	
18	
	 	 	 	19	
	 	 	 	20	
	 	 	 	21	
	 	 	 	22	
	 	 	 	23	
	 	 	 	24	 Weak	 Weak	 Weak	 Weak	
25	 Strong	 Weak	 Strong	 Strong	
26	 Medium	
	
Strong	 Medium	
27	
	 	
Weak	
	28	
	 	 	 	29	
	 	 	 	30	
	 	 	 	31	
	 	 	 	32	 Weak	 Weak	 Weak	 Weak	
33	 Weak	 Weak	 Weak	 Weak	
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34	
	 	 	 	35	
	 	
Weak	 Weak	
36	 Weak	
	
Weak	 Weak	
37	 Weak	
	
Weak	 Weak	
38	 Weak	
	
Weak	 Weak	
39	 Weak	
	
Weak	 Weak	
40	
	 	
Weak	 Weak	
41	 Weak	 Weak	 Weak	 Weak	
42	 Weak	
	
Strong	 Weak	
43	
	 	
Strong	 Weak	
44	
	 	 	 	45	
	 	
Weak	 Weak	
46	
	 	
Weak	 Medium	
47	
	 	 	 	48	 Weak	 Weak	 Weak	 Weak	
49	 Medium	 Weak	 Medium	 Medium	
50	 Weak	
	
Weak	 Weak	
51	 Weak	
	
Weak	 Weak	
52	
	 	 	 	53	
	 	
Weak	 Weak	
54	
	 	 	 	55	
	 	
Weak	
	56	
	 	
Weak	
	57	 Weak	
	
Weak	 Weak	
58	 Weak	
	
Weak	
	59	
	 	
Weak	
	60	
	 	
Weak	 Weak	
61	 Weak	
	
Weak	 Weak	
62	 Weak	
	
Weak	 Medium	
63	 Weak	
	
Weak	 Weak	
64	 Medium	 Weak	 Strong	 Medium	
65	 Weak	 Weak	 Weak	 Weak	
66	 Weak	
	
Weak	 Weak	
67	
	 	
Weak	
	68	
	 	
Weak	
	69	
	 	
Weak	
	70	
	 	 	 	71	
	 	
Weak	
	72	 Weak	
	
Weak	 Weak	
73	 Weak	 Weak	 Weak	 Weak	
74	 Weak	
	
Weak	
	75	 Weak	
	
Weak	 Weak	
76	
	 	
Weak	
	77	
	 	
Weak	
	78	
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79	
	 	
Weak	
	80	 Strong	 Weak	 Strong	 Medium	
81	 Medium	 Weak	 Medium	 Weak	
82	 Weak	 Weak	 Weak	 Weak	
83	
	 	
Weak	
	84	
	 	
Weak	
	85	 Weak	
	
Medium	 Weak	
86	 Weak	
	
Weak	 Weak	
87	 Weak	
	
Weak	
	88	
	 	
Weak	
	89	
	 	
Weak	
	90	
	 	
Weak	
	91	 Weak	
	
Weak	
	92	
	 	
Weak	
	93	
	 	
Weak	
	94	
	 	
Weak	
	95	
	 	
Weak	
	96	
	 	
Weak	
	97	 Weak	 Weak	 Weak	 Weak	
98	
	 	 	 	99	
	 	
Weak	
	100	
	 	 	 	101	
	 	
Weak	
	102	
	 	
Weak	
	103	 Weak	 Weak	 Weak	
	104	
	 	
Weak	
	105	 Weak	 Weak	 Weak	
	106	
	 	 	 	107	
	 	
Weak	
	108	
	 	
Weak	
	109	
	 	
Weak	
	110	
	 	 	 	111	
	 	
Weak	
	112	
	 	 	 	113	
	 	
Weak	
	114	
	 	 	 	115	
	 	 	 	116	
	 	 	 	117	
	 	 	 	118	
	 	 	 	119	 Weak	 Weak	 Weak	 Weak	
120	
	 	 	 	121	
	 	 	 	122	
	 	 	 	123	
	 	 	 	
	 122	
124	
	 	 	 	125	
	 	
Weak	
	126	
	 	
Weak	
	127	
	 	
Weak	
	128	
	 	
Weak	
	129	
	 	
Weak	
	130	
	 	
Weak	
	131	
	 	 	 	132	
	 	
Weak	
	133	
	 	
Weak	
	134	 Weak	
	
Medium	
	135	 Weak	
	
Weak	
	136	
	 	
Weak	
	137	
	 	 	
Weak	
138	
	 	
Weak	
	139	
	 	 	 	140	
	 	 	 	141	
	 	 	 	142	
	 	 	 	143	
	 	 	 	144	
	 	 	 	145	
	 	
Weak	 Weak	
146	
	 	
Weak	
	147	
	 	 	 	148	
	 	 	 	149	
	 	 	 	150	
	 	
Weak	
	151	
	 	 	 	152	
	 	 	 	153	
	 	
Weak	
	154	
	 	 	 	155	
	 	 	 	156	 Weak	 Weak	 Weak	
	157	 Weak	 Weak	 Weak	 Weak	
158	
	 	 	 	159	
	 	 	 	160	
	 	 	 	161	
	 	 	 	162	
	 	 	 	163	
	 	 	 	164	
	 	 	 	165	
	 	 	
Weak	
166	
	 	
Weak	 Weak	
167	
	 	 	 	168	
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169	
	 	 	 	170	 Weak	 Weak	 Weak	
	171	
	 	 	 	172	
	 	 	 	173	
	 	 	 	174	
	 	 	 	175	
	 	 	 	176	
	 	 	 	177	
	 	 	 	178	
	 	 	 	179	
	 	 	 	180	
	 	 	 	181	 Weak	
	
Weak	
	182	
	 	
Weak	 Weak	
183	 Strong	 Weak	 Strong	 Weak	
184	 Weak	 Weak	 Weak	 Weak	
185	 Weak	 Weak	 Weak	
	186	
	
Weak	
	 	187	
	 	 	 	188	
	 	 	 	189	
	 	 	 	190	
	 	 	 	191	
	 	 	 	192	
	 	 	 	193	
	 	
Weak	
	194	
	
Weak	
	
Weak	
195	 Weak	 Weak	 Weak	 Weak	
196	 Weak	 Weak	
	 	197	 Weak	 Weak	 Weak	 Weak	
198	 Weak	 Weak	
	 	199	
	
Weak	
	
Weak	
200	
	 	 	 	201	
	 	 	 	202	
	 	 	 	203	
	 	 	 	204	
	 	 	 	205	
	 	 	 	206	
	 	 	 	207	 Weak	 Weak	
	 	208	
	 	 	 	209	 Weak	 Weak	 Weak	
	210	
	
Weak	
	
Weak	
211	 Weak	 Weak	 Weak	
	212	
	
Weak	
	 	213	
	
Weak	
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214	
	 	 	 	215	
	 	 	 	216	
	 	 	 	217	
	 	 	 	218	
	 	 	 	219	
	 	 	 	220	
	 	 	 	221	 Weak	 Weak	
	 	222	
	
Weak	
	 	223	 Weak	 Weak	
	 	224	
	 	 	 	225	 Weak	 Weak	 Weak	
	226	
	 	 	
Weak	
227	
	
Weak	
	 	228	
	 	 	 	229	
	
Weak	
	 	230	
	 	 	 	231	
	
Weak	
	 	232	
	 	 	 	233	
	
Weak	
	 	234	
	 	 	 	235	
	
Weak	
	 	236	
	 	 	 	237	
	
Weak	
	 	238	
	 	 	 	239	 Weak	 Weak	 Weak	
	240	
	 	 	 	241	
	 	 	 	242	
	 	 	 	243	
	 	 	 	244	
	 	 	 	245	
	
Weak	
	 	246	
	 	 	 	247	
	
Weak	
	 	248	
	 	 	 	249	
	
Weak	
	 	250	
	 	 	 	251	
	
Weak	
	 	252	
	 	 	 	253	 Weak	 Weak	
	 	254	
	 	 	 	255	
	 	 	 	256	
	 	 	 	257	
	 	 	 	258	
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259	
	 	 	 	260	
	 	 	 	261	
	 	 	 	262	
	 	 	 	263	
	
Weak	
	 	264	
	 	 	 	265	
	
Weak	
	 	266	
	 	 	 	267	 Weak	 Weak	
	 	268	
	 	 	 	269	
	
Weak	
	 	270	
	 	 	 	271	
	 	 	 	272	
	 	 	 	273	
	 	 	 	274	
	 	 	 	275	
	 	 	 	276	
	 	 	 	277	
	 	 	 	278	
	 	 	 	279	
	
Weak	
	 	280	
	 	 	 	281	
	
Weak	
	 	282	
	 	 	 	283	
	
Weak	
	 	284	
	 	 	 	285	
	 	 	 	286	
	 	 	 	287	
	 	 	 	288	
	 	 	 	289	
	 	 	 	290	
	 	 	 	291	
	 	 	 	292	
	 	 	 	293	
	
Weak	
	 	294	
	 	 	 	295	
	
Weak	
	 	296	
	 	 	 	297	 Weak	 Weak	 Weak	
	298	
	
Weak	
	 	299	
	
Weak	
	 	300	
	 	 	 	301	
	 	 	 	302	
	 	 	 	303	
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304	
	 	 	 	305	
	 	 	 	306	
	 	 	 	307	
	 	 	 	308	
	 	 	 	309	 Weak	 Weak	
	 	310	
	 	 	 	311	 Medium	 Weak	 Weak	
	312	 Weak	 Weak	
	 	313	
	
Weak	
	 	314	
	 	 	 	315	
	 	 	 	316	
	 	 	 	317	
	 	 	 	318	
	 	 	 	319	
	 	 	 	320	
	 	 	 	321	
	 	 	 	322	
	 	 	 	323	 Weak	 Weak	
	 	324	
	 	 	 	325	 Medium	 Weak	 Weak	
	326	 Weak	 Weak	
	 	327	
	
Weak	
	 	328	
	 	 	 	329	
	 	 	 	330	
	 	 	 	331	
	 	 	 	332	
	 	 	 	333	
	 	 	 	334	
	 	 	 	335	
	 	 	 	336	
	 	 	 	337	
	
Weak	
	 	338	
	 	 	 	339	 Weak	 Weak	 Weak	
	340	
	
Weak	
	 	341	
	
Weak	
	 		
